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ABSTRACT
Environmental pollution has intensified and accelerated due to a steady increase in
the number of industries, and finding methods to remove hazardous contaminants, which
can be typically divided into inorganic and organic compounds, have become inevitable.
One of the widely used water treatment technologies is adsorption and various kinds of
adsorbents for the removal of inorganic and organic contaminants from water have been
discovered. Recently, MXene, as an emerging nanomaterial, has gained rapid attention
owing to its unique characteristics and various applicability. Particularly, in the area of
adsorptive application, MXene and MXene-based adsorbents have shown great potential
in a large number of studies. In this regard, a comprehensive understanding of the
adsorptive behavior of MXene-based nanomaterials is necessary in order to explain how
they remove inorganic and organic contaminants in water. Additionally, to investigate the
synergism of ultrasonication and MXene, sonodegradation of selected pharmaceuticals,
amitriptyline and ibuprofen, with MXene was carried out in water source. To investigate
practicality of the degradation process, the experiments were conducted in various water
quality conditions, including pH, temperature, natural organic matter (NOM), and ionic
strength. And, to confirm the importance of hydroxyl radicals, the effect of hydroxyl radical
promoter (H2O2) and scavenger (t-BuOH) was also studied. In addition, the synergetic
indices were calculated with the rate constants of ultrasonication (US) only, MXene only,
and a US/MXene combined system. Overall, utilization of MXene by means of
ultrasonication could enhance the removal performance of PhACs in water.
v
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CHAPTER 1
INTRODUCTION
Various contaminants have been discharged into water inadequately treated and
cause severe environmental pollution and harm to human health, as rapid developments in
industrialization continue (Jasper et al., 2017). The contaminants can generally be divided
into two groups: organic and inorganic. Among the organic contaminants are typically dye
compounds such as methylene blue, which are discharged generally by factories
manufacturing textile, paint, paper, etc. (Karaçetin et al., 2014). For inorganic contaminants,
heavy metal ions and radionuclides are the dominant pollutants in water (Zhang et al.,
2018). They have adverse effects on living things and the natural environment in general
due to their toxicity and carcinogenicity. Since some of them can be bioaccumulated, the
damage they cause in living organisms could be more severe than that caused by other
pollutants, which cannot be bioaccumulated (Berrios et al., 2012; Fu et al., 2018; Karaçetin
et al., 2014). Thus, the implementation of appropriate treatment methods for the removal
of these contaminants has been regarded as one of the main determinants of the prosperity
of industries in the long run.
To date various techniques have been used for the removal of several organic and
inorganic pollutants from water, such as coagulation (Fu and Wang, 2011; Moghaddam et
al., 2010), ion exchange (Dabrowski et al., 2004; Fu and Wang, 2011), sorption (Fu and
Wang, 2011; Gong et al., 2007), membrane filtration (Blöcher et al., 2003; Fu and Wang,
2011), chemical precipitation (Fu and Wang, 2011; Fu et al., 2012), sonodegradation
1

(Ertugay and Acar, 2014; Wang et al., 2010b), and photocatalytic oxidation (Ertugay and
Acar, 2014; Sakthivel et al., 2003).Among these techniques, adsorption is one of the most
widely used due to its attractive characteristics such as cost-effectiveness, simplicity, and
practicality (Burakov et al., 2018; Wu et al., 2019).
In addition, Ultrasonic (US) treatment is one of the most advanced technologies. It
is prominent for removing contaminants with complex structure. US treatment is basically
conducted by highly reactive OH radicals by dissociating water molecules through
ultrasonication. Water molecules are dissociated through a series of processes: formation,
growth, and collapse of cavitation bubbles caused by sonication in water (Im et al., 2014).
Acoustic cavitation can form and grow cavitation bubbles and, when the bubbles collapse,
extremely high temperatures (~5000 K) and pressures (~1000 atm) can be produced,
resulting in the production of reactive free radicals such as OH•, O•, and HO2• (AlHamadani et al., 2016; Al-Hamadani et al., 2017a). The free radicals can oxidize various
contaminants, thus degrading the contaminants in water. Due to its advantages, including
high efficiency, convenient operation, and environmental-friendliness, US treatment has
been widely studied for adaptability in water treatment (Chu et al., 2017). However, US
treatment generally causes high usage of energy, which may lead to poor cost efficiency
compared to other water treatments. Since US treatment has this critical drawback, a
variety of studies have been conducted on sonocatalysts in order to improve their US
degradation rates (Im et al., 2015; Jun et al., 2019b; Lee et al., 2018).
By adding sonocatalysts in US reactions, they can play an important role of
promoting the production of cavitation bubbles by providing additional nuclei to the
bubbles, thus supporting the generation of more free radicals (Al-Hamadani et al., 2018;
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Im et al., 2015; Jun et al., 2019b). Several sonocatalysts have been used to enhance the
efficiency of US degradation, such as single-walled carbon nanotubes (Al-Hamadani et al.,
2016; Al-Hamadani et al., 2017a; Im et al., 2013), graphene oxide (Al-Hamadani et al.,
2018), powdered activated carbon (Im et al., 2014), metal–organic framework (Jun et al.,
2019b), glass beads (Al-Hamadani et al., 2016), fly ashes (Al-Hamadani et al., 2017b), and
TiO2 nanotubes (Im et al., 2015). Adding the abovementioned materials as sonocatalysts
could improve the sonodegradation of organic pollutants by increasing the production of
free radicals and mostly dispersing the catalysts, which could boost their adsorption effect
(Chu et al., 2017). MXene is a new family of two-dimensional materials fabricated by
etching “A” layers from a “MAX” structure, thus obtaining compounds with the formula
Mn+1XnTx, such as Ti3C2Tx, where “A” represents an A-group element, such as Si, Al, or
Sn, “M” is a transitional metal (e.g., V, Nb, or Ti), and “X” is N or C (Jeon et al., 2020).
To the best of our knowledge, only a few studies have been conducted on the utilization of
MXene to improve the degradation of organic pollutants, such as PhACs, by ultrasonication.
In the review paper, the main purpose is to deliver the overall knowledge of MXene
and MXene-based nanomaterials and their properties and to provide an overview of the
adsorptive applications of various functionalized MXene-based nanomaterials as novel
adsorbents for the removal of inorganic and organic pollutants from water. The main
purpose of the experimental study is to investigate the effect of several experimental
conditions on sonodegradation of the selected PhACs with MXene. The synergism between
ultrasonication and MXene was also evaluated. Synergetic indices were first evaluated by
calculation with pseudo-first-order kinetic constants of US only, MXene only, and the
US/MXene combined process.
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CHAPTER 2
A REVIEW ON MXENE-BASED NANOMATERIALS AS ADSORBENTS IN
AQUEOUS SOLUTION1

1

Reprinted here with permission of publisher: Jeon et al., A review on MXene-based
nanomaterials as adsorbents in aqueous solution. Chemosphere 261(2020), 127781.
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2.1 Introduction
Various contaminants have been discharged into water inadequately treated and
cause severe environmental pollution and harm to human health, as rapid developments in
industrialization continue (Jasper et al., 2017). The contaminants can generally be divided
into two groups: organic and inorganic. Among the organic contaminants are typically dye
compounds such as methylene blue, which are discharged generally by factories
manufacturing textile, paint, paper, etc. (Karaçetin et al., 2014). For inorganic contaminants,
heavy metal ions and radionuclides are the dominant pollutants in water (Zhang et al.,
2018). They have adverse effects on living things and the natural environment in general
due to their toxicity and carcinogenicity. Since some of them can be bioaccumulated, the
damage they cause in living organisms could be more severe than that caused by other
pollutants, which cannot be bioaccumulated (Berrios et al., 2012; Fu et al., 2018; Karaçetin
et al., 2014). Thus, the implementation of appropriate treatment methods for the removal
of these contaminants has been regarded as one of the main determinants of the prosperity
of industries in the long run.
To date various techniques have been used for the removal of several organic and
inorganic pollutants from water, such as coagulation (Fu and Wang, 2011; Moghaddam et
al., 2010), ion exchange (Dabrowski et al., 2004; Fu and Wang, 2011), sorption (Fu and
Wang, 2011; Gong et al., 2007), membrane filtration (Blöcher et al., 2003; Fu and Wang,
2011), chemical precipitation (Fu and Wang, 2011; Fu et al., 2012), sonodegradation
(Ertugay and Acar, 2014; Wang et al., 2010b), and photocatalytic oxidation (Ertugay and
Acar, 2014; Sakthivel et al., 2003). Among these techniques, adsorption is one of the most
widely used due to its attractive characteristics such as cost-effectiveness, simplicity, and
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practicality (Burakov et al., 2018; Wu et al., 2019). In addition, employing adsorbents for
the removal of environmental pollutants prevents the formation of secondary pollutants
since the adsorbents adsorb the contaminants, not react with them (Wu et al., 2019; Zhang
et al., 2018). There are several conventional adsorbents, such as granular or powdered
activated carbon (Oguz and Keskinler, 2005), kaolin, and chitosan (Wang et al., 2010a;
Zhu et al., 2010), to name a few, which are widely used due to their high porosity and large
surface area. In recent years, two-dimensional (2D) nanomaterials have attracted great
attention as emerging adsorbents for the effective removal of various environmental
contaminants due to their distinct properties, which can result in significant adsorptive
remediation (Fu et al., 2018; Wu et al., 2019). The unique properties of 2D nanomaterials,
such as carbon-based nanomaterials, have increased the tendency to employ nanomaterialbased adsorbents for the treatment of inorganic and organic pollutants in water (Atkovska
et al., 2018; Liu et al., 2017b). Compared to the large and bulky formation of the
conventional adsorbents, nanomaterial-based adsorbents often possess thin structures,
large specific surface area, and abundant functional sites (Novoselov et al., 2004; Zhang et
al., 2018). Since it is important for adsorbents to display great interaction with adsorbates
and have large surface area for better performance, nanomaterials are regarded as having
the potential to treat not only organic but also inorganic adsorbates (Tan et al., 2015; Yang
et al., 2019).
Recently, an emerging class of 2D nanomaterials from a family of transition metal
carbide or nitrate materials, known as MXene, has aroused tremendous interest in various
fields. Due to their properties such as environmental-friendly characteristics, large surface
area, high chemical stability, thermal/electrical conductivity, and hydrophilicity, MXenes
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can be employed as suitable materials in various applications including lithium-ion battery
(Naguib et al., 2012a), hydrogen storage (Hu et al., 2013), semiconductor (Gao et al., 2016),
supercapacitor (Zhu et al., 2016), and environmental applications (Ciou et al., 2019; Liu et
al., 2018a; Peng et al., 2014).
In particular, the possible environmental applications include adsorption,
photocatalysis, and membrane filtration to remove contaminants, and adsorption using
MXenes and MXene-based materials as adsorbents for the removal of organic and
inorganic pollutants from water has been widely studied (Guo et al., 2016a; Guo et al.,
2016b; Rasool et al., 2017). Since MXene-based adsorbents can adsorb various
environmental pollutants owing to their unique structures (Ying et al., 2015), it is important
to fully understand the adsorption mechanisms and interaction between pollutants and the
adsorbents. Additionally, the adsorption process of both kinds of pollutants in water is
highly affected by not only the adsorbents’ properties but also by the water quality
conditions such as temperature, pH, and the presence of natural organic matter (NOM). In
this regard, it is critical to evaluate the influence of the water quality properties on the
adsorption performance, leading to better understanding of the adsorbents and ultimately
the removal of pollutants.
In this review paper, the main purpose is to deliver the overall knowledge of MXene
and MXene-based nanomaterials and their properties and to provide an overview of the
adsorptive applications of various functionalized MXene-based nanomaterials as novel
adsorbents for the removal of inorganic and organic pollutants from water. Although a few
review studies have already covered the use of MXenes as adsorbents in water treatment
(Jun et al., 2018; Rasool et al., 2019; Zhang et al., 2018), their adsorptive application with
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regard to their water quality properties, including pH, background ions and NOM, and
temperature, has not been thoroughly explored yet. Additionally, since one of the
advantages of adsorbents is that they can be recycled after some proper regenerating
processes, regeneration methods and adsorptive performance after regeneration of the used
adsorbents are included in this review to clarify the stability and economic feasibility of
MXenes and MXene-based nanomaterials from various literature.
2.2 Fabrication and characteristics of MXene
2.2.1 General fabrication process of MXene
MXenes can be synthesized from MAX phases, a family of ternary carbides and
nitrides, as the pristine formula, which consists of M, A, and X, representing an early
transition metal (Ti, Nb, V, Ta, etc.), an A-group element from groups 13 and 14 (such as
Al or Si), and C and/or N, respectively (Lei et al., 2015). Generally, the fabrication process
includes etching and delamination. By etching A layers in MAX phases, which is probable
owing to A layers being relatively weakly bound with M elements compared to M-X bonds,
the general formation of MAX phases, Mn+1AXn (n = 1, 2 or 3), turns into the multilayered
Mn+1Xn (Chang et al., 2013). Following the etching step, delamination is also conducted to
yield single-layered MXene by enlarging the space in between the layers with intercalants
and sonicating the result of the intercalation if the specific size of flakes or concentration
is required (Alhabeb et al., 2017).
The general history of fabrication of MXenes has been thoroughly covered by a few
studies (Alhabeb et al., 2017; Anasori et al., 2017; Naguib et al., 2012a; Naguib et al.,
2014), and, according to them, fabrication of MXene has gone through a series of
development beginning from 2011 when for the first time MXene was discovered by
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scientists at Drexel University (Naguib et al., 2011). The reported etching method was
conducted with 50% concentrated hydrofluoric acid (HF) solution, which is one of the
typical and effective etchants used even till today (Alhabeb et al., 2017). Following their
discovery, other types of multilayered MXenes with different elements of MAX phases
were synthesized by the wet chemical etching technique. Intercalation, which is a part of
the delamination step, was presented afterwards in order to produce single-layered MXenes
by introducing large organic compounds, such as urea, hydrazine monohydrate, dimethyl
sulfoxide, isopropylamine, and tetrabutylammonium hydroxide, in between the layers
(Mashtalir et al., 2015; Mashtalir et al., 2013; Naguib et al., 2015). From 2014, new
approaches to etching were reported, which did not use HF solution but ammonium
bifluoride (Halim et al., 2014) or HCl with LiF (Ghidiu et al., 2014; Lipatov et al., 2016)
in order to satisfy the high demand for etchants less dangerous than HF solution.
Furthermore, to date, the application of MXene has been expanded to electronic fields such
as in antennas for wireless communication and nanowire electrodes for flexible organic
solar cells employing its unique conductivity, hydrophilicity, and thin structure (Sarycheva
et al., 2018; Tang et al., 2019). Fig. 2.1 shows the overall timeline of the development of
MXene and MXene-based materials, including from the discovery in 2011 to the recent
electronic applications.
2.2.2 Etching method
The purpose of etching in the fabrication process is to successfully exfoliate A
layers from MAX phases (Naguib and Gogotsi, 2015). In Fig. 2.2a, the schematic and
atomic model of well-etched Ti3C2Tx and its scanning electron microscopy (SEM) image
are shown. There are generally two etching methods: HF method and in situ HF method
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(Alhabeb et al., 2017). HF method involves literally using various concentrations of HF
solution as etchants. In situ HF method, on the other hand, does not utilize HF solution
directly, but uses HF-containing or HF-forming etchants. In situ HF method was invented
because high concentrations of HF solution could expose people to considerable risks due
to its hazards (Feng et al., 2017). It was also expected that the etchants used in in situ HF
method could act as intercalants as well (Halim et al., 2014). Exceptionally, there is another
way to etch A layers without employing a fluoride-containing etchant, but by using other
reagents, such as NaOH and H2SO4, although much research has not been conducted in
that regard (Xie et al., 2014). Depending on what kinds and concentration of etchants are
used, the further process, as discussed later in the section on delamination, could be
influenced accordingly. To conduct a successful wet chemical etching process, appropriate
etchants and synthesis conditions are necessary, and the characteristics of the etched
materials vary depending on them (Alhabeb et al., 2017; Hong Ng et al., 2017; Lei et al.,
2015; Lipatov et al., 2016).
2.2.2.1 HF
HF solution is one of the most common etchants used to etch A layers in the parent
MAX phases (Alhabeb et al., 2017; Chang et al., 2013; Hong Ng et al., 2017). Fig. 2.2b
briefly describes the process of etching of a MAX phase using HF solution. By immersing
the MAX phase in HF solution, the A element (Al being a typical example) reacts with
fluorine from the etchant and eventually becomes etched in the MAX phases to form
aluminum fluoride (AlF3) (Lei et al., 2015). HF also reacts with multilayered MXene, thus
having MXene consist of F on its surface as part of its functional groups (Hong Ng et al.,
2017). Etching conditions, including the concentration of HF solution, temperature, and

10

duration of immersion, greatly affect the resulting MXene, which is the reason why finding
an optimum combination of the etching conditions is necessary for better performance of
the resultant (Lei et al., 2015; Lipatov et al., 2016; Naguib and Gogotsi, 2015).
Concentration of the etchant varies from 5 to 50 wt. % HF and so does exposure time vary
according to the concentration, from 5 to 24 h. The influence of individual etching
conditions on the result of the etching process can be confirmed by SEM, energy dispersive
X-ray (EDX), and powder X-ray diffraction (XRD) (Alhabeb et al., 2017; Chang et al.,
2013; Ying et al., 2015).
By varying the concentration of HF solution, MXenes with different morphology
can be fabricated. It was reported that more sophisticatedly etched Ti3C2Tx can be
synthesized by using HF solutions at higher concentrations (Alhabeb et al., 2017). The
etching performance of three different concentrations (5, 10, and 30 wt. %) of HF etchants
were compared and it was confirmed, through their SEM images, that the resulting MXene
of 30 wt. % HF solution has a well-etched, almost accordion-like structure. Compared to
the 30 wt. % HF, the resulting morphology of the MXenes of the 10 wt. % and 5 wt. % HF
solution were less open, and also hardly expanded in case of the 5 wt. %. Although it was
observed by XRD and EDX that all three different concentrations of the etchant played
their roles as reagents for the exfoliation of the A layer effectively, the highest
concentration of HF was able to synthesize MXene with a distinct accordion-like structure
and larger surface area (Alhabeb et al., 2017). The duration of immersion of the MAX
phase in HF solution also affects the result of the etching process (Chang et al., 2013). In
this study, Ti3AlC2 powders were etched by 40 wt. % HF solution at room temperature
after being ball-milled for 5 h and sintered at 1,350 ℃ for 2 h. As the time of reaction
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increased, it was found that the layers of etched MXene became thinner and, accordingly,
the space between layers was enlarged by exfoliating the A-group. The XRD patterns of
the pristine Ti3AlC2 and the HF-treated resultant showed a weakening trend in the
diffraction peaks of the former as the duration of immersion prolonged from 4 to 20 h. On
the other hand, the peaks of the latter were shown clearly, and no peak changes could be
noted after 2 h, which could imply that the resulting multilayered MXene likely possessed
thinner-layered morphology due to the extended reaction time (Chang et al., 2013).
2.2.2.2 In situ HF
In order to avoid the use of high concentrations of HF solution due to the high risks
attributed to the critical corrosiveness of HF, in situ HF etching method was discovered as
a safer way to synthesize MXene (Halim et al., 2014). The reagents used in this method
generally contain HF or form HF through reaction, thus employing a similar effect to HF
method to exfoliate A layers from MAX phases. Some of the typical etchants that are used
for in situ HF method are ammonium bifluoride, ammonium fluoride, and LiF/HCl (Ghidiu
et al., 2014; Halim et al., 2014; Lipatov et al., 2016; Shahzad et al., 2019a; Zhang et al.,
2019a). Additional advantages other than less hazards compared to HF are that etching and
intercalation, as we would see later, could be conducted at the same time and sonication is
not compulsory in the process of fabrication (Halim et al., 2014; Hong Ng et al., 2017;
Naguib et al., 2015). Also, other newly invented etchants, such as FeF3/HCl (Wang et al.,
2017b), in which LiF is replaced with FeF3, are consistently being investigated.
In order to simplify the etching process, including carrying out etching and
intercalation as one step, 2D thin Ti3C2 films was fabricated using ammonium bifluoride
as an etchant (Halim et al., 2014). By immersing Ti3AlC2 in the etchant, it was found that
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it is possible for Al to be selectively etched by forming (NH4)3AlF6, and from their X-ray
photoelectron spectroscopy (XPS) analysis of nitrogen, they concluded that NH3 or NH4+
could be intercalated in between the etched phases, thus making the interlayers more
spacious. They also discovered that the c lattice parameter, confirmed by XRD, of Ti3C2Tx
etched by ammonium bifluoride is 2.47 nm while that of the same Ti3C2Tx etched by HF
is 1.98 nm, showing almost a 25% increase in the c lattice parameter. They concluded from
this result that intercalation and etching were successfully performed at the same time
(Halim et al., 2014).
LiF/HCl is also one of the widely used in situ HF etchants and the concentrations
of LiF and HCl vary depending on the desired condition of MXene (Ghidiu et al., 2014;
Lipatov et al., 2016; Zhang et al., 2019c). By using 5 M LiF and 6 M HCl to etch Al in
Ti3AlC2, the A layers were well etched, indicated by XRD analysis showing absence of
peaks belonging to Ti3AlC2. Comparing the lattice parameters of c, the one of MXene
etched by LiF/HCl was 2.8 nm while that of the one etched by HF is 2.0 nm. Furthermore,
the c lattice of hydrated MXene produced by LiF/HCl was 4.0 nm, which can be assumed
to be swollen owing to the intercalation of H2O and the cations in the solution. It was also
reported that this LiF/HCl method can reduce the time of synthesis of MXene by shortening
the duration of sonication step from 4 h to 30-60 min (Ghidiu et al., 2014). Concentrations
of LiF higher than 5 M and of HCl higher than 6 M can be used to minimize the necessity
of the sonication step (Lipatov et al., 2016). Schematic structures of MXene etched with
different concentrations of LiF are shown in Fig. 2.2c.
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2.2.3 Delamination method
After etching, delamination follows, which is accomplished through intercalation
and sonication (Alhabeb et al., 2017). Intercalation is the introduction of various ions or
molecules between layers of etched MXene, thus enlarging the interspace between the
layers, which results in an increase in the surface area and even the delamination of the
layers into a 2D structure (Guo et al., 2015; Mashtalir et al., 2013; Naguib et al., 2015). As
mentioned earlier, there are two steps for delaminating layered MXene, which are
intercalation and sonication. Various intercalants can be used, such as large organic
compounds, various ions from the etchant, and etc. The next step is sonication and the
purpose of this process is to produce the desired size of flakes or concentration of 2D
MXene by sonicating intercalated MXene. In other words, sonication could be optional if
there is no requirement of a particular concentration or flake size for the resulting MXene
(Alhabeb et al., 2017; Mashtalir et al., 2013; Naguib et al., 2015).
2.2.3.1 Intercalation
Intercalation is conducted after etching to accommodate ions or organic compounds
in order to expand the space in between the layers of un-delaminated MXene, considered
as a pre-treatment before sonication, which ultimately leads to the delamination of the
layers (Alhabeb et al., 2017; Mashtalir et al., 2013). Generally, after HF etching, the -OH
and -F functional groups first become part of the surface of the resulting multilayered
MXene (Lukatskaya et al., 2013). Then, other cations from the intercalants could replace
some of the initial functional groups, which may increase the selectivity of the resultant for
the target pollutants after the intercalation process (Peng et al., 2014). Some of the possible
intercalants are dimethyl sulfoxide and tetraalkylammonium compounds, such as
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tetrabutylammonium hydroxide and tetramethylammonium hydroxide (Ma and Sasaki,
2015; Mashtalir et al., 2013). LiF/HCl, which is one of the etchants used in in situ HF
method, could play two roles as an etchant and an intercalant owing to the high likability
of Li+ ions intercalated in between layers (Ghidiu et al., 2014; Lipatov et al., 2016).
Ammonium bifluoride may also have a similar effect as LiF/HCl, which could be attributed
to the intercalation of the ammonia species, NH3 and NH4+ (Halim et al., 2014). Water
molecules could sometimes be one of the intercalated species which greatly expand the c
lattice parameter (Ghidiu et al., 2014; Wang et al., 2017a). Up until now, research on
intercalation effect and potential intercalants, such as alkaline intercalant (Wang et al.,
2017b; Zhu et al., 2017), has been steadily conducted. Fig. 2.2d illustrates the synthesis
process of Ti3C2Tx intercalated by an alkaline solution.
2.2.3.2 Sonication
Sonication is considered the last step of the fabrication of MXene and its aim is to
manage the size of flakes and concentration of MXene (Alhabeb et al., 2017). In fact, there
are several ways to control the size of the flakes, one of which involves using centrifugation
to separate larger-sized MXene particles from the solution containing smaller sizes of
MXene in colloidal state (Ghidiu et al., 2014; Lipatov et al., 2016; Wang et al., 2017b).
Another method is to reduce the size of MXene by sonication before centrifugation so that
the un-delaminated particles could be exfoliated, thereby increasing the concentration of
colloidal MXene in the solution (Backes et al., 2017; Mashtalir et al., 2015). Although the
size and concentration of MXene can be controlled by centrifugation, centrifugation alone
is considered a limited option, and controlling the concentration and size by centrifugation
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after sonication is more effective for various possible applications since it yields a higher
concentration or smaller flakes of MXene (Alhabeb et al., 2017).
2.3 Removal of inorganic contaminants by MXene nanomaterials2.3.1 Effects of
contaminant and MXene properties
The most common inorganic contaminants in water that can be removed by MXenebased nanomaterials are heavy metals and radionuclides (Zhang et al., 2018). MXene can
be electrostatically charged and the surface charge of MXene is attributed to functional
groups on the surface (Naguib et al., 2012b). During etching and intercalation, various
functional groups are formed on the surface of MXene, such as -O, -F, and -OH. A wide
variety of functional groups which support adsorption reaction are formulated by etchants
and intercalants (Mu et al., 2018; Peng et al., 2014). In other words, they could
electrostatically interact with opposite charges from target compounds in water. Also, the
charge on MXene depends on the pH of the solution due to protonation by hydrogen ions,
MXene could adsorb negatively or positively charged targets depending on its charge
(Khan et al., 2019; Mu et al., 2018; Shahzad et al., 2017). Due to their electrostatic property,
various ions of heavy metals and radionuclides could be removed by MXene since they are
oppositely charged to the MXene functional groups. Thus, there is electrostatic interaction
between MXene and inorganic contaminants which is the main adsorption mechanism of
MXene (Ying et al., 2015). Fig. 2.3 describes, with the aid of schematic diagrams, the
adsorption of inorganic contaminants by MXene. Although electrostatic interaction is the
dominant mechanism for the removal of inorganic pollutants, other mechanisms, such as
ion exchange (Peng et al., 2014; Shahzad et al., 2017; Wang et al., 2016), and some factors,
such as specific surface area, pH, and temperature, also greatly influence the adsorption
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process. Information regarding adsorptive removal of selected inorganic contaminants by
MXene nanomaterials is summarized in Table 2.1.
Heavy metal adsorption of Cr(VI) using 2D Ti3C2Tx MXene, which was etched by
HF solutions of different concentrations (10, 25, and 50 wt. %) and sonicated to exfoliate
the respective layers, was carried out (Ying et al., 2015). Confirmed by Brunauer–Emmett–
Teller (BET) results, the Ti3C2Tx-10% nanosheets turned out to have 57 m2 g-1, the highest
specific surface area among the fabricated MXenes used in this study, and pore volume of
0.11 cm3 g-1. Accordingly, the highest adsorption capacity of 250 mg g-1 was achieved by
the MXene using 10 wt. % of HF solution, whereas the corresponding values for the other
concentrations were slightly less. Due to the positive surface charge of Ti3C2Tx below a pH
of 2, Cr ions in the form of Cr2O72- can be removed from water as a result of the electrostatic
interaction between the two charges. Additionally, through the adsorption, Cr(VI) was
reduced to Cr(III) during adsorption. Cr(VI) can be reduced to Cr(III) in the presence of
H+ ions and electrons to produce water molecules. Since MXene plays the role of electron
donors, providing the adsorbed Cr2O72- electrons, Cr(VI) is reduced, thus leading to a
reduction in the hazards associated with Cr. MXene is not only effective in the reduction
of Cr, but also Fe, Mn, and Au, in the forms of K3[Fe(CN)6], KMnO4, and NaAuCl4,
respectively (Ying et al., 2015). Other studies on heavy metal adsorption by MXene have
been conducted and most agree that the target contaminants are oppositely charged to the
synthesized MXene and can interact electrostatically, thus enabling the adsorption process
(Fard et al., 2017; Li et al., 2019a; Shahzad et al., 2019a; Wang et al., 2017a).
Another example of heavy metal adsorption is the use of alk-intercalated MXene
(Ti3C2(OH/ONa)xF2-x) to remove Pb(II) in water in 5% NaOH solution for the intercalation
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of Na ions (Peng et al., 2014). By XRD and EDX analysis, it was confirmed that Na ions
were successfully intercalated, and they expanded the space between layers, thus increasing
the diffusion rate of the area which could react with Pb(II) ions. The obtained adsorption
capacity was up to 140 mg g-1, which is considered high compared to the capacities of other
conventional Pb(II) adsorbents. Also, the alk-MXene attained equilibrium in 120 s, and
this could be attributed to its ability to react extraordinarily with Pb(II) because of its
distinct formation. The main mechanism used in this study was ion exchange, assumed
from the elemental compositions of used alk-MXene and XPS analysis. The elemental
composition confirmed that several elements including Ti, F, Na, O, and Pb were present,
and it is plausible that intercalated H+ or Na+ ions, attached to the negatively charged Ti–
O, would be exchanged with Pb(II) (Giammar et al., 2007). In addition, by observing the
XPS spectra, particularly the emergence of the peak of Pb and the disappeared Na 1s peak
after adsorption, ion exchange could be considered the mechanism in this adsorption
process (Peng et al., 2014). This is in good agreement with several other Pb adsorption
studies which demonstrate that ion exchange is the adsorption mechanism of Pb (Gu et al.,
2018; Zhao et al., 2011).
Besides heavy metals, radionuclides could also be adsorbed by various synthesized
MXenes owing to their solid resistance against radiation (Mu et al., 2018; Wang et al.,
2017a; Wang et al., 2016). One of the most well-known radionuclide species is uranium,
and several studies have dealt with the removal of U(VI) using MXene. Experiments were
conducted to investigate the removal of U(VI) by hydrated and dry Ti3C2Tx, which was
HF-etched and intercalated with NaOH, dimethyl sulfoxide, or none (Wang et al., 2017a).
The main mechanism of this U adsorption is electrostatic interaction, but considering that
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there was not much difference between the zeta potentials of both the original Ti3C2Tx and
intercalated Ti3C2Tx, the main influencing factor, in this case, could be the surface area and
the space in between the layers. Comparing the c lattice parameters of the pristine Ti3C2Tx
and the intercalated MXenes, the dry pristine MXene had the smallest c lattice parameter
of 0.152 nm, whereas the parameters of the hydrated Ti3C2Tx-NaOH and Ti3C2Tx- dimethyl
sulfoxide greatly increased up to 1.228 nm and 2.018 nm. The results show that adsorption
performance could greatly be influenced by intercalation and hydration of MXene.
Supporting the aforementioned results, the hydrated Ti3C2Tx, intercalated with dimethyl
sulfoxide, achieved the highest adsorption capacity of 160 mg g-1, reaching equilibrium in
approximately 6 h, out of all the adsorbents owing to its larger surface area, which meant
it had more reactive sites on the surface. The adsorption was well explained by the
Freundlich model, which can also mean that it has heterogenous adsorption sites which are
the various surface functional groups in this case (Wang et al., 2017a) A separate study
explored the adsorption of the radioactive Ba2+ ions, a homologue of 226Ra, by alk-Ti3C2Tx
through ion exchange mechanism (Mu et al., 2018). The specific surface area of the alkTi3C2Tx, immersed in 5% NaOH, was 76.4 m2 g-1 whereas that of the pristine MXene was
9.78 m2 g-1, and this increase surface area due to immersion in NaOH enlarged the
interspace of the MXene, as was also the case in other studies (Li et al., 2019a; Mu et al.,
2018; Peng et al., 2014; Wang et al., 2017a). After the adsorption process involving alkTi3C2Tx, it was found that the concentration of Na+ ions slightly increased and there was a
marginal change in the concentration of H+ ions. This result could be because Ba2+ ions
were captured on the alk-MXene in exchange for Na+ ions; the MXene has higher affinity
for Ba2+ than H+ or Na+, thus leading to successful Ba2+ adsorption. The decrease of Na on
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the surface of alk-MXene could also be explained by the XPS results, since the peak of Na
on the alk-MXene became weakened after Ba2+ adsorption, again owing to the ion
exchange process (Mu et al., 2018). Although there are not very much studies, particularly
experimental studies, on the adsorption of radionuclides and radioactive elements besides
U adsorption (Zhang et al., 2017; Zhang et al., 2018; Zhang et al., 2016), some studies were
conducted on the analogues of radionuclides, such as Eu(III) and Th(IV) (Li et al., 2019a;
Zhang et al., 2019a). Th(IV) adsorption on MXene was explored, and Ti2CTx, etched with
LiF/HCl, was used as an adsorbent (Li et al., 2019a). Compared to the dry adsorbent sample,
much greater uptake capacity of Th (158 mg g-1) was achieved by Ti2CTx-hydrated due to
the increase in the space between layers, caused by the intercalated water molecules. The
adsorption followed pseudo-second order and Freundlich model, and regarding the
adsorption mechanism, Ti2CTx-hydrated could electrostatically adsorb positively charged
Th(IV) because of its functional groups; considering the decrease of the solution pH after
the adsorption process, we can conjecture that hydrogen ions were exchanged with Th(IV)
by being released to water. Similar trends were often encountered in other studies regarding
the sequestration of metal ions by MXenes (Mu et al., 2018; Peng et al., 2014), suggesting
that the analysis is in the right track (Li et al., 2019a).
MXene is intrinsically positively charged under very acidic environment and
negatively charged above pHpzc, which could lead to the adsorption of oppositely charged
contaminants highly affected by pH. In other words, anions can be removed by positively
charged MXene at very low pH, but it is hard to apply since the water quality of very low
pH is not general. However, Ti2CTx was fabricated in order to treat ReO4-, which has some
similarity with TcO4-, the ultimate target, so that related concept and insight could be
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was
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with

diallyldimethylammonium chloride, making the material positively charged at a wide range
of

pH.

Both

multilayered

and

single-layered

Ti2CTx

modified

with

diallyldimethylammonium chloride possessed positive charges at pH from 1 to 10, which
was confirmed by their zeta potential values, compared to the non-modified MXene with
pHpzc around 2 to 3. In particular, nanosheets of the modified MXene, although with a
smaller surface area (18 m2 g-1) than those of the unmodified one (31 m2 g-1) because of
the presumable diallyldimethylammonium chloride connecting the nanosheets, exhibited
better adsorption performance over the wide range of pH from 1 to 10 than the unmodified
nanosheets of the MXene, in which it could be assumed that electrostatic interaction was
the dominant adsorption mechanism. Also, as an extension of adsorption, it was confirmed
that some of the Re(VII) adsorbed as ReO4- were reduced to Re(IV), probably in the form
of ReO2, by diallyldimethylammonium chloride (Wang et al., 2019). Reduction of
inorganic ions can be found in several other studies (Wang et al., 2018; Ying et al., 2015).
2.3.2 Effects of water quality
2.3.2.1 pH
The pH value is one of the most influential factors that affect adsorption. Since the
value is related to the concentration of positively charged H+ in water, it could affect the
surface charge of MXene and the adsorptive efficiency of its surface functional groups.
Under a low pH value, below pH 2 for example, abundant H+ ions could react, competing
with positively charged ions of the target compounds, with negatively charged functional
groups, such as -O, -OH, and -F, in water and eventually protonate the surface of MXene
(Shahzad et al., 2017). The protonated MXene would be no longer negatively charged,
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which means that electrostatic attraction would not occur any longer unless the MXene is
deprotonated (Gu et al., 2018). However, under high pH, there would be less concentration
of H+, therefore MXene could remain negatively charged. This can be confirmed by
measuring the zeta potential value for various pH. Generally, if the pH is below pHpzc,
which is the specific pH at which the zeta potential value is 0, the zeta potential value of
MXene is positive, and if the pH becomes higher than pHpzc, the value of the zeta potential
becomes lower, which could probably be affected by functional groups on the surface of
MXene (Wang et al., 2019). Higher pH value is not always preferred for heavy metal
adsorption. Since, at high pH, metal ions could react with abundant amounts of hydroxide
in water, although higher pH could induce more negatively charged MXene, the metal
adsorption performance of MXene could be less effective at high pH (Fard et al., 2017).
One of the typical examples showing the effect of pH is the experiments on Pb2+
adsorption by MXene nanofiber sheets (Gu et al., 2018). At low pH, pH less than pHpzc in
particular, the zeta potential of MXene was positive, which means that the MXene was
unlikely to adsorb Pb ions by electrostatic interaction. The results of the adsorption
experiments also confirmed that below pHpzc the removal percentage was low, compared
to the percentage at higher pH. However, as the pH went higher than pHpzc, the adsorption
rate increased up to pH 7, and from pH 7 the removal rate fairly decreased, and this could
be explained by the possible reaction of Pb ions and hydroxides to form metal hydroxide
salts (Gu et al., 2018). These results are in good agreement with other studies on the
adsorption of inorganic contaminants (Khan et al., 2019; Li et al., 2019a; Mu et al., 2018;
Shahzad et al., 2018; Wang et al., 2018; Wang et al., 2017a; Zhang et al., 2019a). Not
always is the charge on MXene negative for the adsorption of inorganic contaminants in
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water; positively charged MXene could capture negatively charged target contaminants. In
the study on Cr(VI) removal (Ying et al., 2015), since the surface charge of Ti3C2Tx-10%
became positive when the solution pH was below pHpzc, pH 2.4 in this case, the ionic form
of Cr(VI), which is Cr2O72-, was attracted to the protonated functional groups of the MXene.
Also, if Cr(VI) acquired enough H+ and electrons, it could be converted to Cr(III), and at
low pH, H+ ions were abundant and electrons could be provided from MXene, thus offering
conditions conducive for Cr(VI) to be converted to the less hazardous Cr(III) (Ying et al.,
2015).
In one study, adsorption by MXene was almost independent of pH value, that is the
MXene remained positively charged from pH 1 to 10. The research, on Re(VII) anion
adsorption by modified MXene, was conducted, using positively charged Ti2CTx modified
with diallyldimethylammonium chloride (Wang et al., 2019). Adsorbing anions with
MXene is possible under very acidic environment, but also a very limited option. By
analyzing the zeta potential value of the modified Ti2CTx nanosheets, the charge on the
MXene was found to be constantly positive regardless of pH value varying from 1 to 10,
which was necessary to adsorb Re(VII) anions in the form of ReO4-. Subjecting the MXene
to very low pH would have adversely affected its stability owing to the dissolution of Ti.
However, after the modification, the extent of dissolution slightly decreased, which implies
that the modification enhanced the stability of the diallyldimethylammonium chloride. In
terms of their adsorption performance, the modified multilayered Ti2CTx achieved much
less adsorption capacity with increase in the solution pH than the modified Ti2CTx
nanosheets since the external surface area that could react with diallyldimethylammonium
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chloride was reduced. Therefore, the unmodified inner layers of the multilayered Ti2CTx
could remain negatively charged, thus causing electrostatic repulsion (Wang et al., 2019).
2.3.2.2 Background ions and NOM
In order to examine the practicality of MXene-based adsorbent and if it is
appropriate for the removal of specific target compounds in the presence of other ions and
NOM which exist in municipal/industrial wastewater or effluent, the effect of background
ions and NOM, such as humic acid, was investigated. For an adsorbent to be considered
effective for the removal of a target compound, it must have a higher selectivity and affinity
for the target material than other competing background ions (Mu et al., 2018; Wang et al.,
2017a). In general, MXene-based adsorbents have high affinity for divalent cations,
compared to monovalent cations, and the existence of humic acid in water may yield
slightly better adsorption performance owing to a bridge effect (Jun et al., 2020b; Mu et
al., 2018; Peng et al., 2014).
Since several water resources are hard, including wastewater, the effect of Ca2+ and
Mg2+ on adsorption by MXene in terms of ion competition is considered worthy of attention.
The affinity of alk-Ti3C2Tx for several positively charged ions was tested: Ca2+, Mg2+, and
the target ion, Pb2+ (Peng et al., 2014). The result shows that alk-MXene had higher
selectivity for Pb2+ than Ca2+ or Mg2+, which is attributed to relatively low hydration
energies of Pb2+ than the other cations. This was compared with the result of adsorption by
ion exchange resin, and even though the initial removal rate of the resin without competing
cations was higher than that of the MXene, overall uptake of Pb ions significantly
decreased with increase in the concentration of Ca or Mg ions (Peng et al., 2014). Similar
studies have been conducted regarding the competition of cations including Ca(II) and
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Mg(II), and one is a research on U(VI) removal and the possible influence of various
cations (Wang et al., 2017a). The hydrated Ti3C2Tx-dimethyl sulfoxide showed great
selectivity for U(VI) among various metal ions such as Co, Ni, Zn, Sr, La, Nd, Sm, Gd,
and Yb, and the same result was also obtained in the experiment with Na+, Mg2+, and Ca2+,
which aimed for any influence caused by ion strength (Wang et al., 2017a). Another study
focusing on the competing effect of cations explored the impact of cations such as Ca2+,
Mg2+, Sr, La, and Ce, which are regarded as typical ions in nuclear industry effluent, on
Ba2+ adsorption by MXene and alk-MXene (Mu et al., 2018). It was shown that both
MXene and alk-MXene achieved high removal rate of Ba2+, compared to their removal
rates for the other cations, and in particular, alk-MXene showed almost more than 95%
efficiency while MXene achieved less than 80% efficiency for Ba2+ adsorption, which was
still higher than for the other cations. Thus, they concluded that since Ba has a smaller
radius, it could be more likely for Ba ions to enter the interlayers, increasing reactive sites,
and the adsorbent could have a greater affinity for the divalent ions, which is in good
agreement with the findings of the previously mentioned study (Mu et al., 2018; Peng et
al., 2014).
To study anion adsorption on MXene and the influence of background ions, the
selectivity of diallyldimethylammonium chloride for rhenium was tested (Wang et al.,
2019). Diallyldimethylammonium chloride showed a much higher selectivity for Re ions
than for SO42- and Cl- in the presence of Re ions and other anionic ions such as SO42-, Cl-,
ClO4-, and NO3- at pH 4, considering the distribution coefficient of more than 2.1×104 mL
g-1. However, the adsorption capacity of diallyldimethylammonium chloride for Re ion,
when compared with its capacity for ClO4- and NO3-, decreased considerably due to, for
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ClO4-, its ionic radius, similar chemical formation with Re ion, and energy of hydration. In
sum, NO3- turned out to be the most competitive and inhibiting ion, followed by ClO4-, Cl-,
and SO42-, in the removal of Re ions (Wang et al., 2019).
Effects of background ions on U(VI) sequestration and reduction by Ti2CTx were
explored using synthesized acidic wastewater from mine industries (Wang et al., 2018). In
the synthesized solution, various ions, including U, Na+, Mg2+, Ca2+, Fe3+. Al3+, SO42-, and
NH4+, were present with the MXene, and the experiments were conducted under aerobic
and anaerobic conditions. A removal rate of more than 99% was achieved, while competing
for other cations, under anaerobic condition for 2 d, which may be an indication that the
MXene had high selectivity for U. The result regarding the U ion selectivity of MXene is
in good agreement with the previous study on U capture using V2CTx, which exhibited
great selectivity for U among other various metal cations, bolstered by the selectivity
coefficient value, which was above 10 (Wang et al., 2016). However, in the presence of
dissolved oxygen, the reduced U(IV), adsorbed on the MXene, was released to some extent
as time passed, confirmed by the reduced removal rate below 50% after 20 d. This could
be attributed to the oxidation by the dissolved oxygen of U(IV) to U(VI), which is soluble
in water and whose solubility could have jeopardized both its reduction and sequestration.
The effect of Fe ions, under the aforementioned conditions, on U reduction was also
examined, and it turned out that the trend of release of U(VI) under aerobic condition was
initially affected by Fe ions, occurring at a slightly more rapid pace than it did in the
absence of Fe ions, until 13 d of reaction time had elapsed. However, after 15 d or so, the
removal rate of U(VI) showed insignificant difference from the rate when Fe ions were
absent, suggesting the Fe ion slightly affects U sequestration (Wang et al., 2018).
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The effect of NOM on adsorption reactions involving MXene has been explored.
One of the studies focused on the effect of humic acid on Pb2+ adsorption by MXene (Jun
et al., 2020b). They conducted experiments by varying the concentration of humic acid
from 0 to 10 mg L-1 and examined Pb2+ adsorption efficiency and capacity (qe) of Ti3C2Tx.
According to the result, there was an increase in the efficiency and qe value as the
concentration of humic acid increased. They explained that the phenomenon might be
attributed to the bridging effect of humic acid; since the behavior of humic acid resembles
that of divalent anions at pH 6, humic acid might be able to bind to Pb ions, making
connections like a bridge, which favored Pb2+ adsorption. The result is similar to the effect
of divalent anions on adsorption by MXene, and the bridge effect is also mentioned in other
studies (Jun et al., 2020b; Liu et al., 2018b).
2.3.2.3 Temperature
Temperature affects physical and chemical reactions. Increase in temperature
generally leads to increased adsorption capacity. In order to evaluate the effect of
temperature on adsorption, standard enthalpy, standard entropy, and standard free energy,
which may be obtained by Gibbs free energy equation, can be used to verify the
characteristics of the adsorption process, such as whether it is endothermic/exothermic,
spontaneous/nonspontaneous, and etc. (Gu et al., 2018; Khan et al., 2019; Li et al., 2019a).
When temperature rises, standard free energy decreases, but enthalpy and entropy increase.
A positive value of standard enthalpy change indicates that the adsorption reaction is
endothermic, a positive value of standard entropy change implies that the reaction is
feasible, and a negative value of standard free energy change indicates a spontaneous
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reaction. According to the general trend of thermodynamic analysis, higher temperature
may be beneficial to adsorption process.
The effect of temperature on adsorption reaction has been widely explored in
several studies (Khan et al., 2019; Li et al., 2019a; Shahzad et al., 2018; Shahzad et al.,
2017). Experiments were carried out to investigate the effect of temperature on Pb
adsorption by Ti3C2-based nanomaterials etched with NaOH (Gu et al., 2018). The study
showed that the adsorbent performed better at a higher temperature, demonstrated by
carrying out experiments to obtain adsorption isotherms at three different temperatures:
298, 313, and 328 K. The achieved qe value under the lowest temperature was lower than
the qe values achieved at the higher temperatures. In detail, the qe value at 298 K was 286mg
g-1, compared to the values of 380 mg g-1 and 549 mg g-1 achieved at 313 K and 328 K,
respectively. In order to demonstrate this relationship, thermodynamic analysis was carried
out by calculating thermodynamic parameters. The positive value of enthalpy change and
entropy change showed that the adsorption reaction was endothermic process with high
likability. Also, the negative value of free energy change showed that the reaction was
spontaneous and bolstered the analysis of temperature preference by presenting lower
values of free energy change as temperature increased (Gu et al., 2018). A similar study
showed the temperature preference of adsorption reaction, but explained that the trend
could not be related to the effect of temperature (Dong et al., 2019b). The study investigated
the effect of temperature on the adsorption of Pb and Cu ions by Ti3C2/alginate adsorbent
and observed an increasing trend of adsorption at the temperature range from 298 to 333
K. An approximately 10% increase in adsorption was observed for a 35 ℃ total increase
in temperature. It was concluded that the increase was not significant and that the
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adsorbent’s distinct structure could have contributed to the marginal result by ensuring that
its adsorption mechanism was less dependent on temperature (Dong et al., 2019b).
A study focused on the effect of temperature on Pb adsorption by 2D MXene
exhibited a behavior different from the general trend. Experiments were conducted at 293,
303, and 313 K in order to investigate the effect of temperature on MXene Pb adsorption
(Mu et al., 2019). Interestingly, the values of enthalpy and entropy change were negative,
unlike in other studies. For MXene-25, -35, and -45, -22.36, -22.24, and -23.10 kJ mol-1
were the respective enthalpy changes and -66.34, -62.91, and -63.04 J mol-1 were the
respective entropy changes. Accordingly, the calculated values of the free energy change
were negative, and the values of the free energy change for all the three synthesized
MXenes increased approximately by 1.3 kJ mol-1 on average, while the temperature
increased from 295 to 313 K. In sum, all the three thermodynamic parameters turned out
to be negative, which means that the adsorption reaction was spontaneous, exothermic and
reversible (Mu et al., 2019).
2.4 Removal of organic contaminants by MXene nanomaterials
2.4.1 Effects of contaminant and MXene properties
Organic contaminants can also be removed from water by MXene-based adsorbents.
Typical organic contaminants are dye compounds. Since MXene-based adsorbents are
negatively charged in general, positively charged dye compounds, such as methylene blue,
can be effectively removed from water. There are a few adsorption mechanisms, frequently
mentioned in several studies on dye adsorption by MXene, which are electrostatic
interaction (Huang et al., 2019; Meng et al., 2018; Rozmysłowska-Wojciechowska et al.,
2019), ion exchange (Wei et al., 2018), and etc. In Fig. 2.4a-b, mechanisms of adsorption
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of dyes by MXene are illustrated. The adsorption reaction of organic contaminants, like the
removal of inorganic contaminants, is highly influenced by water quality parameters such
as pH, temperature, and the presence of background ions and NOM; the effect of these
parameters is explained in the following section. Besides dye contaminants, more research
on the removal of different organic contaminants, such as urea (Meng et al., 2018),
lysozyme (Rozmysłowska-Wojciechowska et al., 2019) and deoxyribonucleic acid (Huang
et al., 2019), has been explored for various potential applications. In addition, the removal
of organic contaminants by gaseous adsorption on MXene has been investigated for the
adsorption of air pollutants such as aroma molecules (Ciou et al., 2019), carbon dioxide
(Morales-García et al., 2018), and methane (Liu et al., 2017a; Liu et al., 2016). Table 2.2
presents the adsorptive removal of selected organic contaminants by MXene nanomaterials.
Dye adsorption on MXene was exhibited, which used methylene blue and acid blue
80 as adsorbates and Ti3C2Tx as the adsorbent (Mashtalir et al., 2014). The dyes, methylene
blue and acid blue 80, were representative of cationic and anionic dye, respectively. From
the analysis of the adsorption isotherm, it was found that the adsorption of methylene blue
followed the Freundlich isotherm model more than Langmuir isotherm model, and this
conclusion was arrived at after comparing the Pearson’s correlation coefficients of both
isotherm models. Following the Freundlich model may imply that the adsorbent had
heterogenous adsorption sites, and this is supported by the fact that various functional
groups, such as -F, -OH, and -O, of the MXene took part in the adsorption reaction. The
adsorption capacity of methylene blue was up to 39 mg g-1, which is smaller than the that
of commercially available activated carbon but comparable to those of adsorbents with
similar surface areas or structures. On the other hand, acid blue 80 was not adsorbed on the
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MXene since the dye is negatively charged, like the adsorbent, causing electrostatic
repulsion. After 2 h of adsorption of methylene blue, the adsorption reaction weakened
over time, and this may be attributed to the oxidation of MXene and change in the structure
of the adsorbent owing to the intercalation of the adsorbate molecules, which resulted in
flawed stacking (Mashtalir et al., 2014).
The effect of intercalation on methylene blue adsorption was explored with three
adsorbent (MXenes) kinds: Ti3C2Tx-hydrated, Ti3C2Tx-dimethyl sulfoxide-hydrated, and
Ti3C2Tx-dry (Wang et al., 2017a). Comparing the adsorption capacity of the adsorbents, it
was observed that Ti3C2Tx-dimethyl sulfoxide-hydrated achieved an uptake capacity of 125
mg g-1, showing 99.8% removal of methylene blue, which was much higher than the 78 mg
g-1 achieved by Ti3C2Tx-hydrated and the 8 mg g-1 by Ti3C2Tx-dry. The enlarged space
between layers brought about by the effect of the intercalation with dimethyl sulfoxide
resulted in the availability of more adsorption sites for the methylene blue molecules. The
intercalation of dimethyl sulfoxide could also have led to the co-intercalation of methylene
blue, thus expanding the space between layers even more. Water molecules might have
played the role of intercalant for Ti3C2Tx-hydrated, leading to a reasonable adsorption
performance much greater than that of Ti3C2Tx-dry (Mashtalir et al., 2014). Intercalation
using the alkaline solutions, LiOH, NaOH, and KOH, was also found to affect methylene
blue adsorption on Ti3C2Tx (Wei et al., 2018). Based on the ionic radius of Li, Na, and K,
the ion having a smaller radius, such as Li+ and Na+, could be loaded more than the one
having a larger radius, K+ in this case; Na ions and Li ions were likely to be piled twice or
thrice while K ions might hardly stack once. This resulted in the difference in the enlarged
spaces in between the layers of the MXenes for the adsorbents treated with KOH, NaOH
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and LiOH, confirmed by their respective c lattice parameters of 2.49, 2.62, and 2.64 nm.
On the other hand, the adsorption performance of the three MXenes did not follow the
increasing order of the expanded spaces, as confirmed by the isotherm experiment; NaOHTi3C2Tx achieved the highest adsorption capacity of 189 mg g-1, followed by LiOH-Ti3C2Tx
(121 mg g-1), pristine Ti3C2Tx (100 mg g-1), and KOH-Ti3C2Tx (77 mg g-1). The result of
the LiOH-treated MXene indicates that the expansion of the interlayer spaces led to the
exfoliation of the layers, thus causing the MXene to experience no effect due to the
intercalation of the cations and, accordingly, decreasing the adsorption capacity more than
expected. It was concluded, for KOH-Ti3C2Tx, that the enlarged space might inhibit
complete activation of the adsorbent (Wei et al., 2018).
The adsorption of three kinds of dye compounds by MXene-based nanocomposites
modified by layer-by-layer strategy was investigated (Li et al., 2018). Pristine MXene was
first treated with chloroacetic acid to obtain a COOH-modified surface, and then immersed
in polyethylene polyimide and poly acrylic acid solutions separately for multiple times in
order to have several layers of polyethylene polyimide and poly acrylic acid molecules
obtaining 3-dimensional formation. The schematic illustration of the fabrication process is
shown

in

Fig.

2.4c.

The

fabricated

material,

MXene-COOH@(polyethylene

polyimide/poly acrylic acid)10, was utilized, as well as the pristine MXene and MXeneCOOH, to examine and compare the adsorption of methylene blue, safranin t, and neutral
red. The result showed that MXene-COOH@(polyethylene polyimide/poly acrylic acid)10
achieved the highest adsorption capacity among the three prepared adsorbents, followed
by MXene-COOH, and then the pristine material. The result followed the pseudo-secondorder kinetic model and showed that the reaction was affected by increase in temperature,
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confirmed by the results obtained for conducting the adsorption experiments at
temperatures of 298, 308, and 318 K. From the analysis of the adsorption isotherm model
it was found that the pristine MXene and MXene-COOH followed the Freundlich isotherm
model, as confirmed by the R2 value. However, MXene-COOH@(polyethylene
polyimide/poly acrylic acid)10 followed the Langmuir isotherm model, indicating that the
reaction was a monolayer adsorption and the adsorbent had homogeneous adsorption sites
(Li et al., 2018).
2.4.2 Effects of water quality
2.4.2.1 pH
The pH greatly affects the performance of MXene-based adsorbent in regard to the
removal of organic compound. Basically, since the dominant mechanism of adsorption is
electrostatic interaction, regardless of whether the contaminant is an organic or inorganic
compound, the charges on the adsorbent and adsorbate are very important (Jun et al., 2020a;
Lei et al., 2019). The pKa value of the adsorbate and the pHpzc of the adsorbent can affect
the adsorption process, depending on the solution pH, and considering the general trend,
adsorption performance is enhanced as pH value increases. Under acidic conditions,
MXene cannot be negatively charged enough to attract positively charged adsorbates, since
there is competition for the MXene ions between the H+ and adsorbate ions, such as
methylene blue. Under alkaline conditions, owing to the sufficient negative charge of the
adsorbent, more adsorption can be expected (Jun et al., 2020a; Lei et al., 2019).
The effect of solution pH on adsorption by MXene was examined using Ti3C2Tx as
an adsorbent and methylene blue as an adsorbate (Jun et al., 2020a). The experiments were
conducted at solution pH of 3.5, 7, and 9.5, and it was observed that as the solution pH
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increased, the adsorption capacity and removal rate increased. This demonstrates that the
dominant mechanism was electrostatic interaction, affected by pKa value of methylene blue
and pHpzc of Ti3C2Tx. Since methylene blue is positively charged at pH 3.1 and has Cl-, it
can be attracted by a negatively charged adsorbent at the same pH. And the pHpzc of the
MXene was approximately pH 3, which led to the adsorption of methylene blue on the
adsorbent in this study (Jun et al., 2020a). The effect of pH on adsorption was also
investigated, and the study employed Ti3C2-SO3H as an adsorbent and methylene blue as
an adsorbate in water (Lei et al., 2019). The investigation was conducted at pH 2 to 12, and
the lowest adsorption capacity of 49 mg g-1 was achieved at pH 2 and the highest capacity
of 145 mg g-1 at pH 11. This relationship between adsorption capacity and pH could be
explained by the adsorption mechanism applied in this reaction, which is electrostatic
interaction. At low pH, in the abundance of H ions, there would be competition for the
adsorbent ions between the hydrogen ions and adsorbate ions, leading to less adsorption
capacity. On the other hand, at high pH, the MXene-based adsorbent would be more
negatively charged due to more SO3- on the surface, leading to its higher attraction for the
positively charged methylene blue in water (Lei et al., 2019).
An interesting study on the pH effect of methylene blue adsorption by MXene was
carried out (Zhang et al., 2019b). pH value was varied from pH 3 to 11 and the adsorption
capacity at each pH level was noted. Around 10 mg g-1 of adsorption capacity was achieved
at pH 3 and 11, unlike in other studies. The adsorption capacity decreased from pH 3 until
pH 7 and increased from pH 7 to 11; that is to say, the minimum adsorption capacity of
around 2 mg g-1 was obtained at pH 7. Since high adsorption capacity was obtained below
the pHpzc, which was pH 5.1 in this study, it is likely that the main adsorption mechanism
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at pH 3 was not electrostatic interaction but hydrogen bonding. And the increasing trend
of the adsorption capacity from pH 7 may imply that the negatively charged MXene,
confirmed by the zeta potential analysis, attracted the positively charged adsorbate.
However, due to the possibility of hydrolysis of methylene blue at high pH, adsorption
performance at high pH was slightly lower than at low pH (Zhang et al., 2019b).
2.4.2.2 Background ions and NOM
There is need to examine the interaction of adsorbate, adsorbent, and pre-existing
ions in water for practical application. This is because, in untreated water, including
municipal and industrial wastewater, adsorption might be inhibited by pre-existing ions
and NOM, a typical example being humic acid (Jun et al., 2020b). As a result, several
studies have explored the effect of background ions, related to ion strength, and NOM on
adsorption reaction (Lian et al., 2015; Xu et al., 2008). The effect of background ions may
vary depending on their charges, and it has been found that the presence of pre-existing
ions can enhance or worsen the performance of adsorbents (Jun et al., 2020a).
In order to investigate the effect of background ions, adsorption experiments in the
presence of background ions, such as those from NaCl, CaCl2, and Na2SO4, were conducted,
and in the experiments the concentrations of the reagents were varied (Jun et al., 2020a).
The reagents were selected such that the different effects between monovalent ions and
divalent ions, if any, would be highlighted. As the concentration of NaCl increased from
300 to 1200 S cm-1, the adsorption capacity of MXene and its removal rate of methylene
blue decreased, and this phenomenon might be attributed to screening effect, which
reduced the electrostatic attraction between the adsorbate and MXene. The divalent ions of
CaCl2 and Na2SO4 in this study showed a slightly different trend of result, depending on
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how the ions and adsorbate were charged. Due to the effect of the divalent cations, Ca2+ in
this case, which was as a result of the competition for MXene between the cations and
methylene blue, a decrease in the adsorption capacity and removal rate was observed. On
the other hand, the divalent anions, which are oppositely charged to the adsorbate, rarely
affected the adsorption (Jun et al., 2020a).
The effect of NOM was also evaluated in the same study; the effect of humic acid
on adsorption was explored (Jun et al., 2020a). Experiments were conducted in the presence
of humic acid at concentrations of 0, 2.5, and 10 mg L-1, and changes in the adsorption
capacity and removal rate due to the varying concentrations of humic acid were observed.
As the concentration of humic acid increased, the adsorption capacity of MXene and the
rate of removal of methylene blue increased. The result may be explained with the aid of
the bridge effect, as mentioned in Section 3.2.2., where the effect of humic acid on the
adsorption of inorganic contaminants has been treated (Jun et al., 2020b; Liu et al., 2018b).
Since humic acid has aromatic structure and carboxylic acid, which makes it likely to act
as a multivalent anion, the effect of humic acid on adsorption could be similar to the effect
of background ions, divalent anions in particular (Jun et al., 2020a).
2.4.2.3 Temperature
The effect of temperature on adsorption in water by MXene, like other factors, has
been investigated and found to be substantial. When temperature increases, the viscosity
of water generally decreases, leading to greater diffusion in the system and, thus, increased
possibility for adsorption (Lei et al., 2019; Zhu et al., 2019). Also, temperature can
influence thermodynamic parameters, including enthalpy, entropy, and Gibbs free energy.
Increased temperature results in a positive value of enthalpy change before and after
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reaction, which indicates that the reaction is endothermic. Furthermore, by evaluating
values of entropy change and Gibbs free energy change, it can be predicted if the reaction
would be spontaneous or not (Jun et al., 2020a; Lei et al., 2019; Zhang et al., 2019b; Zhu
et al., 2019).
The effect of temperature on the adsorption of contaminants in water was evaluated,
using Ti3C2Tx for the removal of methylene blue at the specific temperatures 293, 303, and
313 K (Jun et al., 2020a). Analyzing for the adsorption capacity, it was found that the
adsorption process was enhanced and removal rate increased as temperature increased. This
relationship was demonstrated by the thermodynamic parameters: positive values of
enthalpy and entropy changes and negative value of Gibbs free energy change. The positive
value of enthalpy showed that the reaction was endothermic, and the positive value of
entropy change referred to the increased randomness. As the temperature increased from
293 to 313 K, Gibbs free energy decreased – -8.99 kJ mol-1 at 293 K, -9.79 kJ mol-1 at 303
K, and -10.51 kJ mol-1 at 313 K – showing that higher temperature yielded better adsorption
performance (Jun et al., 2020a).
The effect of temperature on methylene blue adsorption by Ti3C2-SO3H was
investigated (Lei et al., 2019), who conducted experiments at various temperatures, from
320 to 360 K. The adsorption capacity was first analyzed and it was concluded that higher
temperatures yielded greater adsorption capacity; there was a 16 mg g-1 increase in qe when
temperature increased from 318 to 358 K. Owing to the increased mobility due to increase
in temperature, diffusion was increased, enhancing the adsorption process. On the
thermodynamic parameters: the positive value of enthalpy indicates that the reaction was
endothermic; the negative value of Gibbs free energy change indicates that the reaction
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was spontaneous, and as the temperature increased, the value of Gibbs free energy change
became more negative, showing the positive influence of temperature on the adsorption
process (Lei et al., 2019).
Adsorption experiments were conducted using 2D-MX@Fe3O4 as an adsorbent and
methylene blue as an adsorbate at specific temperatures: 298, 313, and 328 K (Zhu et al.,
2019). According to the adsorption result, maximum adsorption capacity (qm) increased as
temperature increased, achieving almost 92% removal of methylene blue at 328 K. The
possible reasons for the increased adsorption capacity due to increased temperature were
explained: such as the weak binding force at increased temperature, reduced viscosity of
the solution, and expanded free volume of the system. Thermodynamic analysis was also
explored, and it turned out that positive values of enthalpy, entropy and Gibb’s free energy
change were obtained. In particular, the value of enthalpy change, 42.8 kJ mol-1, was
considered high, over 40 kJ mol-1, which also means that chemical interactions were
involved in the adsorption process between the adsorbent and methylene blue (Zhou et al.,
2017). As temperature increased, the change in free energy decreased, reaching almost 0
kJ mol-1 at 328 K, and considering the positive values of entropy and free energy change,
this demonstrates that the spontaneity of the adsorption reaction was affected by
temperature (Zhu et al., 2019). A similar study demonstrated the importance of the effect
of temperature to the adsorption performance of MXene@Fe3O4 (Zhang et al., 2019b). In
the study, experiments at temperatures of 298, 308, 318, and 328 K were conducted. The
adsorption reactions at high temperatures yielded higher adsorption capacities; in other
words, the adsorption process was endothermic. Furthermore, thermodynamic analysis was
carried out by examining the three parameters – entropy change, enthalpy change and
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Gibbs free energy change. A positive value of enthalpy change was obtained, indicating
that the reaction was endothermic, a result which corroborated the results obtained from
the analysis of the adsorption capacity. As temperature increased, Gibbs free energy
decreased, demonstrating that higher temperature resulted in better reaction performance.
The positive values of the entropy and Gibbs free energy implies that the adsorption
reaction was spontaneous, although this depends also on the reaction temperature (Zhang
et al., 2019b).
2.5 Regeneration of MXene nanomaterials
Recyclability of an adsorbent is a key factor to be considered when determining its
effectiveness and economical advantage (Khan et al., 2019). Several studies have explored
the regeneration of MXene-based adsorbents, showing their high reusability. The
regenerants commonly used in these studies are HCl (Dong et al., 2019a; Fard et al., 2017;
Khan et al., 2019; Shahzad et al., 2019a; Shahzad et al., 2018), HNO3 and/or Ca(NO3)2
(Dong et al., 2019b; Peng et al., 2014; Shahzad et al., 2017; Wang et al., 2017a), and other
regenerants, such as ethanol (Li et al., 2018; Zhang et al., 2019b), NaOH (Zou et al., 2016),
and thiourea (Mu et al., 2019), were also used. Table 2.3 presents the summary of
regeneration methods of exhausted MXene-based adsorbents. The recyclability of used
Ti3C2Tx for the removal of Cs ions was examined using 0.2 M of HCl to desorb the ions
(Khan et al., 2019). By adding HCl solution, the concentration of H ions increased and
there was competition between the adsorbed target contaminant and H ion for accessible
surface sites on the Ti3C2Tx, causing the desorption of the contaminant from the MXene.
Also, under highly acidic environment, desorption of the adsorbate may be accelerated
since MXene tends to become positively charged due to protonation. In this study, the
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removal rate of the adsorbent remained over 90% after 5 regenerations and its morphology
was hardly changed. However, there was a slight decrease in the removal rate with more
regenerations, which may be attributed to the decrease in the number of functional groups
on the surface of the adsorbent (Khan et al., 2019). The effect of the concentration of
regenerant was investigated using different concentrations of HCl solution: 2, 4, 5, and 8
M (Shahzad et al., 2019a). They conducted experiments to investigate the reusability of
MX-SA4:20, which had been used in the adsorptive removal of Hg(II), and almost 80% of
desorption of the Hg(II) ions was achieved by 2 M of HCl. Furthermore, as the
concentration of HCl solution increased, the desorption rate of Hg2+ increased, until
approximately 100% of desorption was achieved by 8 M of HCl (Shahzad et al., 2019a). A
previous study on the recyclability of MXene-based nanocomposites had been conducted
as part of the study on the removal of Hg(II) (Shahzad et al., 2018). They also used 1 M of
HCl solution as regenerant for the exhausted MGMX in order to desorb the adsorbed
mercury ions. The achieved desorption rate was approximately 90%, showing fairly
constant values, but the removal rate of the adsorbent decreased from almost 100% to 81.0%
after five recycles. This decrease may be explained by the loss of surface functional groups
and the decreased specific surface area caused by partial oxidation of the adsorbent to TiO2
(Shahzad et al., 2018).
Another widely used regenerant is HNO3 or/and Ca(NO3)2, and being an acidic
solution, similar effects as HCl solution can be achieved. A study on the regeneration of
used MXene by HNO3 or/and Ca(NO3)2 was conducted, in which exhausted DL-Ti3C2Tx
was regenerated by HNO3 and Ca(NO3)2 (Shahzad et al., 2017). The adsorbent was used
to remove Cu(II) in water and recycled by the acidic solution of nitric acid and calcium
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nitrate. The adsorption rate of the adsorbent after the first regeneration cycle was 80%, and
a declining trend in the adsorption rate after the second and third cycles was observed,
reaching 47 and 30%, respectively, which are steep decrease compared to the results of
similar studies. The decrease might be due to imperfect desorption of copper ions,
oxidation of the adsorbent, and reduction of Cu(II) to Cu(I) (Shahzad et al., 2017). Nitric
acid alone may be a good regenerant, and recycle experiments of synthesized adsorbents
were conducted to compare the crosslinked MXene/alginate composite, prepared with
calcium nitrate, and the un-crosslinked one (Dong et al., 2019b). A 0.1 M of nitric acid was
used and the regenerations of the adsorbents after the removal of Pb(II) and Cu(II) were
conducted on 10 occasions in order to achieve the adsorption rate for each cycle. Since the
structure of the crosslinked MXene/alginate composite was mechanically more beneficial
than the un-crosslinked composite, the adsorption rates of the former for each of the 10
cycles were higher than the ones of the latter. By increasing the stability of the structure by
crosslinking with calcium nitrate, a higher adsorption rate was achieved compared to the
un-crosslinked composite (Dong et al., 2019b).
2.6 Conclusions and areas of future study
In the various studies covered in this review paper, there are two mechanisms of
adsorption for the removal of both inorganic and organic compounds which are mentioned
the most: electrostatic interaction and ion exchange. Large surface areas and an abundance
of surface functional groups can lead to higher adsorption, and the adsorptive performance
of MXene-based materials can be highly influenced by water quality. The main
determinants of water quality that influence the adsorption performance of MXene are pH
value, temperature, and background ions/NOM. Under acidic conditions, adsorption
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capacity, in general, decreases due to competition for MXene ions between abundant
hydrogen ions and target compounds. On the other hand, as pH value increases, adsorption
capacity also increases since surface charges become more negative, confirmed by the zeta
potential value. At very high pH, however, decrease in adsorption capacity is observed,
since abundant OH- reacts with the target compound to form a hydroxide. However, there
are still several studies in which the results were contrary to the general trend above, such
as exhibiting adsorption almost independently of pH value. Higher temperatures generally
enhance adsorption, and MXenes show higher adsorption capacity in such conditions.
Confirmed by the thermodynamic parameters, the adsorption process tends to be
endothermic and spontaneous, thus raising the feasibility of the adsorption reaction in
regard to the increased temperature. The effect of background ions and NOM was also
covered in the studies, and the presence of background ions and NOM affect the selectivity
of MXene-based adsorbents for target compounds. Various ions, which are expected to
exist in wastewater from a particular industry containing a target contaminant, were tested
to confirm that MXene-based adsorbents could attack their target contaminants in the
presence of background ions in the same solution. Most of the studies found that the
adsorbents exhibited selectivity for their target contaminants and, even when they tended
to adsorb the background ions, they showed greater affinity for divalent and multivalent
ions than for monovalent ions, and this is similar to the behavior in the presence of humic
acid. The recyclability of adsorbents is becoming important in a bid to boost their costeffectiveness. Regeneration experiments were conducted using various cleaning agents,
such as HCl, HNO3, NaOH, C2H5OH, and etc. Adsorbate removal rates of MXene-based
adsorbents after several regenerations were noted, and although the removal rates in most
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studies showed slight decrease, they still remained high, around 80 to 90%, showing great
reusability and practicality of the adsorbents in terms of cost.
MXene has desirable features meant for successful adsorptive performance. A
unique structure, which makes it possible for it to achieve larger interspaces, an enlarged
surface area, and more reactive sites and functional groups on its surface are the dominant
strength of MXene, leading to its high removal rate of target contaminants. However,
several other areas should be further explored in order to better assess the effectiveness and
practicality of MXene. While this study convers the effects of various water quality
conditions including pH, background ions, NOM, and temperature, additional water
chemistry conditions such as salinity, turgidity, alkalinity, and oxidants/reductants need to
be considered as well. Another area is the stability of MXene in the long run. Although
MXene showed great recovery after several cycles of regeneration in most of the studies,
some defect was observed in its structure, causing slightly less effective performance. And,
after being stored in water for a long period of time, it was observed that the structure of
MXene changed due to the formation of titanium dioxide. Hence, the stability of MXene
in the long run should be studied in order to improve the cost-effectiveness, which is
essential for every good adsorbent. Another area for future studies is the effect of NOM,
such as humic acid and fulvic acid. The effect of NOM on adsorption by MXene is covered
in this paper, but still more studies on this subject are needed since there are not much
research on the effect of NOM with respect to the behavior of the acids during adsorption
processes utilizing MXene-based adsorbent. With regard to the toxicity of MXene, the
potential impact of the adsorbent on the health of living organisms should be thoroughly
investigated before application. If found efficient in the aforementioned areas, MXene
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would prove its practicality as a powerful adsorbent even more and could be employed in
various fields as well, not only in water treatment.
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Figure 2.1 Timeline of MXenes: from Ti3C2 discovery to the current development (AlHamadani et al., 2020; Alhabeb et al., 2017).
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Figure 2.2 (a) Schematic of (a) Ti3C2Tx layered structure with a side view atomic model
of a single sheet and SEM image of a Ti3C2Tx particle (Mashtalir et al., 2014), (b) the
exfoliation of MAX phases and formation of MXenes (Naguib et al., 2012b), (c) structures
of Ti3C2Tx with summary of routes 1 and 2 (Lipatov et al., 2016), and (d) structural
illustrations of the parental Ti3AlC2 MAX phase and the post-etching MXene before and
after alkalization treatment (Zhu et al., 2017).
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Figure 2.3 (a) Schematic diagram of (a) thorium sorption onto Ti2CTx MXene (Li et al.,
2019a), (b) the adsorption of radioactive barium ions (Mu et al., 2018), (c) the removal
mechanism of Cr(VI) by the Ti3C2Tx nanosheets (Ying et al., 2015), and (d) hydrated
intercalation synthesis strategy of Ti3C2Tx MXene for efficient U(VI) uptake and
imprisonment (Wang et al., 2017a).
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Figure 2.4 (a) Plausible schematic diagram for adsorption mechanisms of methylene blue
(MB) and acid blue 80 (AB) by MXene (Jun et al., 2020a). (b) Proposed mechanism for
the adsorption of MB on the surface of MXene@Fe3O4 (Zhang et al., 2019b). (c) Schematic
illustration of the fabrication of MXene-COOH and layer-by-layer -assembled composites
by chemical modification and layer-by-layer self-assembly (Li et al., 2018).

48

49

Table 2.1 Summary of adsorptive removal of selected inorganic contaminants by MXene nanomaterials.
MXene
Species Co
Experimental qm
Main finding
(mg L-1) condition
(mg g-1)
Ti3C2Tx
Ba
1-55
pH 3-9
9.3
The maximum adsorption capacity at Ba = 55 mg L-1
temp. = 298
is 9.3 mg g-1, which is much greater value than those
K
of other adsorbents.
synthetic
water
Ti3C2Tx
Cu
25
pH 2-6
86.5
Compared to a commercial activated carbon, the
temp. = 293adsorption capacity of Ti3C2Tx was nearly three times
318 K
higher.
synthetic
water
Ti3C2Tx
U
100
pH 5
214
Owing to the flexibility and large interlayer space, the
temp. = 293
adsorption of U(VI) on hydrated Ti3C2Tx was
K
significantly enhanced, compared to dry Ti3C2Tx.
synthetic
water
Magnetic
Hg
25-1,000 pH 2-9
1,128
Magnetic Ti3C2Tx has much better maximum Hg(II)
Ti3C2Tx
temp. = 288adsorption capacity than other two dimensional
318 K
nanocomposite and nano-materials.
synthetic
water
Ti3C2(OH)0.8F1.2 Cr
10
pH 3-6
62
MXene which is chemically exfoliated in solutions
temp. = 298
having F ions consequently has the surface covered
K
with F groups
synthetic
water
Sodium alginate Cu
0-10mM pH 1-7
87.6
By having abundant adsorption sites, the
/ Ti3C2Tx
Pb
temp. = 298- 383
MXene/alginate composite was able to achieve high
333 K

Ref.
(Fard
et al.,
2017)

(Shah
zad et
al.,
2017)
(Wan
g et
al.,
2017a
)
(Shah
zad et
al.,
2018)
(Zou
et al.,
2016)

(Dong
et al.,
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Ti2CTxhydrated

synthetic
water
5-180
pH 1-3.5
temp. = 282312 K
synthetic
water
25-994
pH 0-11
temp. = 298
K
synthetic
water
200
pH 2-11
temp. = 298328 K
synthetic
water
208
pH 2-13
temp. = RT
synthetic
water
19.6-562 pH 2-9
temp. = RT
synthetic
water
5-220

pH 2-6
temp. = RT
synthetic
water

213

365
933

218
284

250

326

214

adsorption capacity of selected inorganic compounds
and reach equilibrium in 15 min.
Inner-sphere complexation from strong attraction
between Ti-OH and Th(IV) is the mechanism for
removal of Th(IV) by Ti2CTx in water.

2019b
)
(Li et
al.,
2019a
)

Owing to high binding capacity and an affinity for (Shah
Hg2+, MX-SA4:20 adsorbed Hg2+ extraordinarily well zad et
even under very acidic conditions (pH < 0).
al.,
2019a
)
The fabrication of e-TACFs and e-TACSs was (Gu et
performed via a hydrothermal and fluoride-free al.,
method and the adsorption capacity for Pb(II) was 2018)
significantly high.
The Cr(VI) could be effectively reduced to less toxic
Cr(III) species and the residual Cr(VI) in treated water
was far below the drinking water standard
recommended by the World Health Organization.
Ti2AlC MAX phase which is exfoliated with NaOH,
fluoride-free, could successfully adsorb both heavy
metals and other contaminants.

(Ying
et al.,
2015)

(Shah
zad et
al.,
2019b
)
Hydrated and intercalated MXene adsorbed dye (Wan
chemicals and heavy metal ions more considerably g et
and their application is considered greatly favorable. al.,
2017a
)

Cs

5-300

Ti3C2Tx
Alk-Ti3C2Tx

Ba

50-500

Mxene-25
Mxene-35
Mxene-45

Pd

100

Ti3C2Tx

Cr

100

K-HTNs
Na-HTNs

Eu(III)

20-300

MTC-P
TCNS-P

Re(VII)

5-400

Ti2CTx

U(VI)

5-400

51

Ti3C2Tx

pH 2-12
temp. = 273303 K
synthetic
water
pH 1-10
temp. = RT
synthetic
water
pH 0-5
temp. = 293313 K
synthetic
water
Kinetic = 14
h
temp. = 298
K
synthetic
water
pH 2-10
temp. = 298
K
synthetic
water
Kinetic = 6 h
pH 1-10
synthetic
water
Kinetic = 100
h

25.4

The obtained maximum adsorption capacity of Cs+ (Khan
removal on Ti3C2Tx is due to the reaction at room et al.,
temperature within 1 min which is more effective than 2019)
other adsorbents.

12
46.5

The maximum adsorption capacity of Ba2+ on AlkTi3C2Tx was 46 mg g-1 which is approximately three
times greater than unmodified Ti3C2Tx, presenting
important selectivity of Ba2+ among other inorganics.
The interlayer structure and morphology of MXene
nanomaterials are greatly affected by the exfoliation
temperature and the higher exfoliation temperature
could yield larger d-spacing and surface area.

119
164
185

(Mu
et al.,
2018)
(Mu
et al.,
2019)

80

A constant adsorption capacity (80 mg g-1) can be (Tang
achieved by accordion-like Ti3C2 materials when et al.,
msorbent/Vsolution was 1 g L-1, achieving equilibrium in 8 2018)
h.

203
222

Owing to electrostatic interaction and H bonding, (Zhan
Eu(III) could be exchanged with cations in the active g et
sites on MXene, therefore causing improved sorption. al.,
2019a
)
The modification of Ti2CTx nanosheets produced high (Wan
advantage in terms of Re(VII) removal, causing that g et
the application of this technique on Tc(VII) removal al.,
can have potential possibility.
2019)
Over a wide pH range, the adsorbent well-adsorbed (Wan
and decreased U(VI), reaching equilibrium within 48 g et

42.1
363

470

Alk-MXene

Pb(II)

10-300

DL-Ti3C2Tx

Cu

10-350

V2CTx

U(VI)

5-120

52

pH 1-10
synthetic
water
pH 1-7
temp. = 293325 K
synthetic
water
pH 2-5.5
temp. = 298318 K
synthetic
water
pH 3-5
temp. = RT
synthetic
water

h and the adsorption capacity at pH 3 with C0[U(VI)] al.,
over 160 mg L-1 was 470 mg g-1.
2018)
140

The adsorbent achieved equilibrium within 2 min and (Peng
exhibited high adsorption performance with large et al.,
adsorption capacities, rapid and reversible adsorption 2014)
reaction.

78.5

Owing to large surface area, functional groups and (Shah
dispersibility, strong adsorption of Cu was observed zad et
and it achieved equilibrium within 3 min.
al.,
2017)

174 (qe)

The dominant adsorption mechanism is ion-exchange (Wan
and, using multilayered V2CTx, it achieved g et
equilibrium after 4.5 h with different functional al.,
groups on surface. The maximum adsorption capacity 2016)
(174 mg g-1) was achieved at pH 5 when C0[U] was
100 mg L-1.
Co = initial concentration; qm = maximum adsorption capacity; temp. = temperature; SA = sodium alginate; TACSs = Ti3AlC2
nanosheets; TACFs = Ti3AlC2 nanofibers; DMSO = dimethyl sulfoxide; HTNs = hierarchical titanate nanostructures; PDDA =
poly(diallyldimethylammonium chloride); MTC-P = multilayered Ti2CTx/PDDA composite; TCNS-P = Ti2CTx nanosheet/PDDA
composite; DL = delaminated.

Table 2.2 Summary of adsorptive removal of selected organic contaminants by MXene nanomaterials.
MXene

Species

Experimental
condition
Kinetic = 8 h
temp. = 293 K
synthetic water

qm
(mg g-1)
38.9

Ti3C2Tx

Methylene
blue

Ti3C2Tx
Methylene
LiOH-Ti3C2Tx blue
NaOHTi3C2Tx
KOH-Ti3C2Tx
Ti3C2Tx
Urea

50

Kinetic = 3 h
temp. = 298 K
synthetic water

99.9
121
189
77

30-450
mg/dL

21.7

Ti3C2Tx

Methylene
blue

5-40

Ti3C2Tx-dry
Ti3C2Txhydrated
Ti3C2TxDMSOhydrated

Methylene
blue

100

Kinetic = 1 h
temp. = RT333 K
synthetic
water/
Dialysate
pH 3.5-9.5
temp. = 293313 K
synthetic water
Kinetic = 6 h
temp. = RT
synthetic water
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Co
(mg L-1)
50

140

8
78
125

Main finding

Ref.

The adsorption of methylene blue on Ti3C2Tx was
not extremely effective, compared to activated
carbon, but, considering its unique properties and
possible application, Ti3C2Tx could be decent
adsorbent.
The alkali-treated adsorbent has enhanced
interlayer spacing and surface functional group,
resulting in improved adsorption performance.

(Masht
alir et
al.,
2014)

The qm (21.7 mg g-1) was calculated by LangmuirFreundlich model at 310K. The finding exhibited
rapid and selective adsorption of urea on MXene
and the adsorption capacity reached 94%,
showing no important impact on cell viability and
hemocompatibility.
MXene achieved equilibrium in a short amount of
time (within 30 min) and the main mechanism of
the adsorption was electrostatic interaction
between MXene and Methylene blue.
Important MB adsorption capacity was exhibited
in the adsorption result of Ti3C2Tx-DMSOhydrated, up to 125 mg g-1, compared to other
adsorbents.

(Meng
et al.,
2018)

(Wei et
al.,
2018)

(Jun et
al.,
2020a)
(Wang
et al.,
2017a)

MXene
MXeneCOOH
MXeneCOOH@(PEI
/PAA)10
MXene@Fe3
O4

Methylene
blue

10

Kinetic = 200
min
temp. = 298 K
synthetic water

86.8
71
82

Methylene
blue

1-40

pH 3-11
temp. = 298328 K
synthetic water
pH 2-12
temp. = 318358 K
synthetic water

11.7

The MXene-COOH@(PEI/PAA)n was employed (Li et
to determine the adsorption capability of three al.,
different dyes and the target contaminants were 2018)
effectively adsorbed owing to its layered structure
and modified functional groups.
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The key mechanism in the pH above 5.1 is (Zhang
electrostatic force due to pHpzc of the adsorbent. et al.,
In addition, other adsorption mechanism could be 2019b)
owing to the Ti site and OH groups.
Ti3C2-SO3H
Methylene
25-250
723
The maximum adsorption capacity at C0[MB] = (Lei et
blue
250 mg L-1, 298K and pH 7 was 723 mg g-1. By al.,
exhibiting the different adsorption capacity 2019)
between pristine Ti3C2 (21 mg g-1) and Ti3C2SO3H (111 mg g-1), it proved that Ti3C2-SO3H can
be an ideal adsorbent.
Co = initial concentration; qm = maximum adsorption capacity; temp. = temperature; PEI = polyethylene polyimide; PAA = poly acrylic
acid.

Table 2.3 Summary of regeneration methods of exhausted MXene-based adsorbents.
MXene

Species

Regenerant

Experimental

Main finding

Ref.

condition
Ba

MX-SA4:20

Hg

DL-Ti3C2Tx

Cu

HNO3,
Ca(NO3)2

MGMX

Hg

1 M HCl

Glu@TNFs-3

Cd(II)

0.2 M HCl
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Ti3C2Tx

MXeneMethyle
COOH@(PEI/PA ne blue
A)10

69% HCl

Regeneration of MXene could be influenced by pH since
importantly less adsorption occurred in the pH below pHpzc
of MXene owing to the accordingly increased zeta potential
value.
2, 4, 6 and 8 Contact time The regeneration using 8 M HCl achieved 99% of desorption
M HCl
=5h
of Hg2+ adsorbed on the sample, therefore causing that
(agitation)
desorption of Hg2+ from MX-SA4:20, should be performed
under very high acidic condition for improved result.

C2H5OH

pH < 3

(Fard
et al.,
2017)
(Shah
zad et
al.,
2019a
)
(Shah
zad et
al.,
2017)
(Shah
zad et
al.,
2018)
(Dong
et al.,
2019a
)

Contact time The adsorption efficiency of regenerated DL-Ti3C2Tx was
=5h
80% in the first cycle, 47% and 30% in the second and third
cycle which could be owing to imperfect desorption of Cu2+
and the partial oxidation changing Ti3C2Tx into TiO2.
Contact time The adsorption efficiencies of recycled MGMX were
=5h
important which were higher than 90% until the fourth cycle
(incubator
and there was a slight decrease in the fifth cycle: 81%,
shaker)
attributed to the stability of MGMX.
Contact time By the adsorption capacity of the recycled Glu@TNFs-3
=9h
which was 61 mg·g-1, high reusability of the adsorbent was
(stirring)
exhibited. Under acidic condition, the used adsorbent was
protonated by H+, causing the adsorbed heavy metals to be
desorbed.
Temp. = RT
The removal rate was 85% after the first cycle and (Li et
constantly decreased to 64% in the eighth cycle. The al.,
possible reasons for the decrease could be due to multiple 2018)
surface washing and the loss of surface functional groups.
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Alk-MXene

Pb(II)

0.1% HNO3
+ 5%
Ca(NO3)2

urchin-like rutile
TiO2-C

Cr(VI)

5% NaOH

Ti3C2Tx-DMSOhydrated

U(VI)

0.01, 0.1
and 0.2 M
HNO3

Ti3C2Tx

Cs

0.2 M HCl

Ti3C2Tx

Methyle
ne blue

0.1 N HCl,
0.1 N
NaOH

MXene-45

Pd

0.5 M
HNO3,
0.5 M HCl,
0.5 M
Thiourea
(CH4N2S),

Contact time
=5h
(incubator
shaker,
200 rpm)
Temp. = 298
K

By using the regenerant HNO3 and Ca(NO3)2, the used (Peng
adsorbent could be efficiently recycled and the removal of et al.,
Pb(II) after regeneration was 95%.
2014)

After regeneration of u-RTC using NaOH solution, the
adsorbed Cr(VI) was well desorbed and the according
adsorption efficiencies of Cr(VI) were over 90% until fifth
cycle.
Contact time The regeneration experiments were conducted with different
= 0.5 h
concentration of the regenerant. The desorption efficiency
of 0.01 M HNO3 was approximately 86% which is the
smallest rate among the results. By increasing the
concentration of the regenerant, the efficiency also
increased, specifically 96% for 0.1 M and 98% for 0.2 M.
Contact time The removal efficiency after the first regeneration cycle was
=
0.5
h 98% and the percentage decreased until the fifth cycle down
(rocking
to 91%. The possibility of the decrease could be loss of
mixer)
functional groups on surface and the integrity of the
-1
m/V = 5 g L
adsorbent.
temp. = 293 K
Contact
The regeneration tests were conducted 4 times and there was
timeHCl = 4 h a slight decrease in the removal rate of MB, probably due to
Contact
incomplete desorption. However, the fourth regenerated
timeNaOH = 4 h adsorbent still had a qe over 50 mg g-1.
Among the regenerants, 0.5 M Thiourea was the most
efficient eluent with the efficiency of 99%. And, also, using
0.5 M Thiourea, the adsorption capacity was decreased from
185 mg g-1 to 167 mg g-1 but, still, the removal efficiencies
were approximately over 90% until the fifth cycle.

(Zou
et al.,
2016)
(Wan
g et
al.,
2017a
)
(Khan
et al.,
2019)

(Jun
et al.,
2020a
)
(Mu
et al.,
2019)

MXene@Fe3O4

Methyle
ne blue

0.5 M HCl
+
0.5 M
Thiourea
C2H5OH

The exhausted adsorbent was washed thoroughly with
ethanol and dried at 343 K. The removal efficiency was over
80% in the first cycle and there was a slightly decreasing
trend of the removal efficiency down to 77% in the fifth
cycle.
Sodium alginate / Pb
0.1 M nitric
The regeneration result was different compared to crossTi3C2Tx
Cu
acid
linked processing and uncross-linked processing. Since the
solution
cross-linking improves the mechanical properties of
alginate, it showed better adsorption efficiency compared to
the other.
MGMX = magnetic Ti3C2Tx MXene; TNFs = Ti3AlC2-derived nanofibers.

(Zhan
g et
al.,
2019b
)
(Dong
et al.,
2019b
)
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CHAPTER 3
SONODEGRADATION OF AMITRIPTYLINE AND IBUPROFEN WITH SELECTIVELY
ENHANCED ADSORPTION BY TI3C2TX MXENE1

1

Jeon et al., Sonodegradation of amitriptyline and ibuprofen with selectively enhanced
adsorption by Ti3C2Tx MXene. To be submitted to Ultrasonics Sonochemistry.
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3.1 Introduction
There have been advances in the pharmaceutical industry as a result of the
increasing need for medication for various purposes, such as treatment of a wide range of
diseases, prevention of diseases, and, ultimately, improvement of the quality of life (Hester
et al., 2020). Endocrine-disrupting compounds (EDCs) and pharmaceutical active
compounds (PhACs), which are now easily accessible to the public, have saved a number
of people, but they have had a negative impact on the environment as well. Over the last
two decades, a large amount of EDCs and PhACs have been discharged into the
environment without being properly treated, and accordingly, concentrations of the
discharged compounds in water systems have increased (Al-Hamadani et al., 2017b; Jun
et al., 2019b; Kim et al., 2018). Furthermore, several studies have emphasized that
conventional water treatment processes are not very efficient to completely remove the
released EDCs and PhACs present in influents (Cerreta et al., 2020; Manoli et al., 2019;
Yang et al., 2017).
Through water systems, such as surface water and ground water, the concentrated
discharged compounds could ultimately take a toll on animals, plants and human beings
(Kolpin et al., 2002; Li et al., 2019b). Specifically, ibuprofen (IBP), which is frequently
used as an anti-inflammatory analgesic, has been found to be discharged from water
treatment plants at a concentration of 0.002 to 24.6 µg/L (Buser et al., 1999; MéndezArriaga et al., 2008). The other selected PhAC, amitriptyline (AMT), which is widely
prescribed as an antidepressant, has been detected in surface water, leading to long-term
exposure of living organisms to the compound in water systems (Baker and KasprzykHordern, 2011; Baker et al., 2012; Kasprzyk-Hordern et al., 2008; Lajeunesse et al., 2012).

59

Various treatment processes have been used to remove PhACs and EDCs from water, such
as adsorption (Guillossou et al., 2020; Jung et al., 2013), coagulation/sedimentation
(Adams et al., 2002), membrane processes (Heo et al., 2013; Heo et al., 2012) and
disinfection (Vieno et al., 2007) However, their efficiencies are considered low, and it is
known that the disinfection process could produce by-products (Al-Hamadani et al., 2017a;
Westerhoff et al., 2005).
Ultrasonic (US) treatment is one of the most advanced technologies. It is prominent
for removing contaminants with complex structure. US treatment is basically conducted by
highly reactive OH radicals by dissociating water molecules through ultrasonication. Water
molecules are dissociated through a series of processes: formation, growth, and collapse of
cavitation bubbles caused by sonication in water (Im et al., 2014). Acoustic cavitation can
form and grow cavitation bubbles and, when the bubbles collapse, extremely high
temperatures (~5000 K) and pressures (~1000 atm) can be produced, resulting in the
production of reactive free radicals such as OH•, O•, and HO2• (Al-Hamadani et al., 2016;
Al-Hamadani et al., 2017a). The free radicals can oxidize various contaminants, thus
degrading the contaminants in water. Due to its advantages, including high efficiency,
convenient operation, and environmental-friendliness, US treatment has been widely
studied for adaptability in water treatment (Chu et al., 2017). However, US treatment
generally causes high usage of energy, which may lead to poor cost efficiency compared
to other water treatments. Since US treatment has this critical drawback, a variety of studies
have been conducted on sonocatalysts in order to improve their US degradation rates (Im
et al., 2015; Jun et al., 2019b; Lee et al., 2018).
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By adding sonocatalysts in US reactions, they can play an important role of
promoting the production of cavitation bubbles by providing additional nuclei to the
bubbles, thus supporting the generation of more free radicals (Al-Hamadani et al., 2018;
Im et al., 2015; Jun et al., 2019b). Several sonocatalysts have been used to enhance the
efficiency of US degradation, such as single-walled carbon nanotubes (Al-Hamadani et al.,
2016; Al-Hamadani et al., 2017a; Im et al., 2013), graphene oxide (Al-Hamadani et al.,
2018), powdered activated carbon (Im et al., 2014), metal–organic framework (Jun et al.,
2019b), glass beads (Al-Hamadani et al., 2016), fly ashes (Al-Hamadani et al., 2017b), and
TiO2 nanotubes (Im et al., 2015). Adding the abovementioned materials as sonocatalysts
could improve the sonodegradation of organic pollutants by increasing the production of
free radicals and mostly dispersing the catalysts, which could boost their adsorption effect
(Chu et al., 2017). MXene is a new family of two-dimensional materials fabricated by
etching “A” layers from a “MAX” structure, thus obtaining compounds with the formula
Mn+1XnTx, such as Ti3C2Tx, where “A” represents an A-group element, such as Si, Al, or
Sn, “M” is a transitional metal (e.g., V, Nb, or Ti), and “X” is N or C (Jeon et al., 2020).
To the best of our knowledge, only a few studies have been conducted on the utilization of
MXene to improve the degradation of organic pollutants, such as PhACs, by
ultrasonication.
The main purpose of this study is to investigate the effect of several experimental
conditions on sonodegradation of the selected PhACs with MXene. The synergism between
ultrasonication and MXene was also evaluated. Synergetic indices were first evaluated by
calculation with pseudo-first-order kinetic constants of US only, MXene only, and the
US/MXene combined process. All the other experiments were conducted in a US/MXene
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combined system, and the experimental conditions included pH and temperature of
solution, ionic strength, natural organic matter (NOM), and existence of OH radical
promoter and scavenger.
3.2 Materials and methods
3.2.1 Chemicals
Commercially available MXene (Ti3C2Tx) was purchased from Advanced Materials
Development Expert Store (Ti3C2Tx-layers; Hangzhou, Zhejiang, China). High-purity
AMT (C20H23N) and IBP (C13H18O2) and humic acid sodium salt (HA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The physicochemical characteristics of the
PhACs are shown in Table 3.1. Potassium iodide (KI), potassium hydrogen phthalate
(C8H5KO4), ammonium molybdate tetrahydrate (H24Mo7N6O244H2O), and sodium
chloride (NaCl) were purchased from Samchun Pure Chemical (Pyeongtack-si, Gyeonggido, Korea). Hydrogen peroxide (H2O2), also known as OH radical promoter, and tertbutanol (t-BuOH) (C4H10O), also known as OH radical scavenger, were purchased from
Deajung Chemicals (Siheung-si, Gyeonggi-do, Korea). Milli-Q ultrapure water was used
for the stock and feed solutions.
3.2.2 US reactor and specific experimental conditions
All the US experiments were conducted with a custom-designed US system
comprising a water circulation chiller (HS-28A, 22-240 V, 50 Hz, HAILEA) and a
circulation pump (HX 6530, 50 W, 220-240 V, HAILEA). The US reaction tank (Φ 110 x
170 mm, effective volume 1 L) consisted of dual stainless-steel walls, mounting plates, and
circulation fittings to control the water temperature. A stainless-steel transducer module
(Fulltech, Taiwan) was attached to an ultrasonic generator (Flexonic Mirae Ultrasonic
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Tech., model FX- 4FREQ, Korea). Mechanical stirring was controlled using an overhead
stirrer (HS-50A, WiseStir® ) at a constant speed.
The US frequency and power of this system were optimized, with the combination
of 35 kHz and 50 W L-1, which was found to produce the highest amount of H2O2, selected
for this study. 45 mg L-1 of MXene was used for each experiment, and detailed
experimental conditions were set as follows: (i) initial pH of PhAC solution of 3.5, 7, or
10.5; (ii) solution temperature of 293, 303, or 313 K; (iii) addition of 3 or 9 mg L-1 of HA;
(iv) ionic strength of NaCl of 300, 600, or 1200 µS cm-1; and (v) addition of 0.2, 1, or 5
mM of H2O2 as a OH radical promoter and of t-BuOH as a OH radical scavenger in the
feed solution. The initial pH and temperature were set to 7 and 293 K, respectively unless
otherwise stated.
3.2.3 Measurement of PhAC and H2O2 concentration
The concentration of each of the selected PhACs was 10 µM from dilution of the
respective 10 mM of stock solution; the concentrations were measured by highperformance liquid chromatography (HPLC, 1200 series; Agilent Technologies, Santa
Clara, CA, USA) using an ultraviolet (UV) detector. All samples were filtered through a
0.2-µm syringe filter to remove particles before analysis. The HPLC method parameters
followed those reported in the literature for AMT (Kim et al., 2021; Peltenburg et al., 2016)
and IBP (Al-Hamadani et al., 2016; Al-Hamadani et al., 2017b), with some modification.
The H2O2 concentration was analyzed by the KI dosimetry method (Kormann et al., 1988)
using an ultraviolet–visible (UV–vis) spectrometer (UV-2600i, Shimadzu, Kyoto, Japan)
at 352 nm during US reactions for indirect measurement of the OH radical. Total organic
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carbon (TOC) measurements were obtained using a TOC-V CNS with an ASI-V
autosampler (Shimadzu, Kyoto, Japan).
3.2.4 Calculation of synergetic index
The synergetic effect was evaluated by calculation of the synergetic index, according
to Eq. (1), which has been described in previous studies (Madhavan et al., 2010) and (Jun
et al., 2020d).
𝑆𝑦𝑛𝑒𝑟𝑔𝑒𝑡𝑖𝑐 𝑖𝑛𝑑𝑒𝑥 = 𝑘

𝑘1 (𝑈𝑆/𝑀𝑋𝑒𝑛𝑒)
(𝑈𝑆
𝑜𝑛𝑙𝑦)
+ 𝑘1 (𝑀𝑋𝑒𝑛𝑒 𝑜𝑛𝑙𝑦)
1

(1)

Each of the obtained degradation rate constants of a pseudo-first-order kinetic model was
applied to Eq. (1). The US/MXene combined process was considered more efficient
compared to the singly conducted processes if the synergetic index value was greater than
1.0.
3.3 Results and discussion
3.3.1 Influence of solution pH
The solution pH is an important factor that affects the degradation rate of PhACs.
The influence of pH could affect sonodegradation efficiency due to the different oxidation
potentials of OH radicals, pKa of the selected compounds, and surface charge of MXene.
Since the oxidation potential of OH radicals could change depending on the pH level, the
quantity of OH radicals could also change, which might influence the sonodegradation
efficiency (Balachandran et al., 2016; Chu et al., 2017). Also, at different pH levels, the
pKa of the selected PhACs and the pHpzc of MXene could affect the mobility of the PhACs
and the surface charge of MXene, thus resulting in different sonodegradation performances
(Im et al., 2014; Im et al., 2013; Zhang et al., 2019b).
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The effect of pH is shown in Fig. 3.1, which presents the results of MXene-assisted
sonodegradation of the target compounds with increasing pH values. Based on the
sonodegradation performances, the removal efficiencies of both target compounds were
greater at pH 7, followed by pH 3.5 and 10.5. Higher efficiency at the neutral condition
could be explained by the production of H2O2, which could represent the amount of
produced OH radicals. In Fig. 3.1d, the amount of produced H2O2 was highest at pH 7,
followed by pH 3.5 and 10.5, with the trend similar to that of the sonodegradation
performances. One research showed that less amount of H2O2 was produced at low and
high pH due to the scavenging effect of existing ions and fast recombination of OH radicals
(Jiang et al., 2002). Considering the research, it can be concluded that more OH radicals
were produced and higher removal efficiency was achieved at pH 7 with the US system
used in this study. Also, in terms of AMT in particular, since its pKa is 9.76, AMT is
positively charged at pH 3.5 and pH 7 due to the amine group acting like an electron donor
(Guillossou et al., 2020). Owing to its positively charged characteristic, AMT could be
adsorbed on negatively charged MXene having surface functional groups including -O, -F,
and/or -OH (Jeon et al., 2020). Since MXene is more negatively charged at higher pH,
shown in Fig. 3.2, AMT could be more adsorbed on MXene at pH 7 than pH 3 due to higher
electrostatic interaction; similar result is shown in the research conducted by Kim et al.
(Kim et al., 2021).
3.3.2 Influence of temperature
Solution temperature is an important factor in ultrasonication processes which can
affect generation of OH radicals, thus affecting the degradation efficiency (Chu et al.,
2017). Temperature can affect the degradation in both positive and negative ways. The

65

positive effect is that high temperature could lead to increased number of cavitation bubbles
by decreasing the threshold limit of cavitation. Also, higher temperature could bring about
more active migration of molecules from bulk solution to the gas–liquid interface. The
negative effect is that increased temperature above the optimal level could decrease
cavitation energy, probably resulting in a decrease in the pressure of collapse of cavitation
bubbles (Chu et al., 2017; Im et al., 2015; Jiang et al., 2006; Naddeo et al., 2010). Thus,
achieving the optimal point of temperature for the removal experiment can enhance the
removal rate of PhACs in a US process.
The influence of temperature on the degradation rate of the PhACs is shown in Fig.
3.3. In Fig. 3.3c, the degradation rates of AMT and IBP slightly increased up to 303 K and
decreased at 313 K. The result shows the abovementioned positive and negative effects of
temperature, and it is consistent with the result of H2O2 production in Fig. 3.3d, which
indirectly represents the concentrations of the OH radical at different temperatures. The
tendency for H2O2 production is well matched by the degradation rate constants of both
PhACs, so it can be concluded that, in this study, the quantity of H2O2 is an important factor
in US degradation.
3.3.3 Influence of natural organic matter (HA) and ionic strength (NaCl)
Humic substances are the typical natural organic matter, which include carboxylic
and phenolic acids (Bhatnagar and Sillanpää, 2017). Since HA is well distributed in natural
water, it was selected in this study to evaluate the practicality of application of the study in
the field of water treatment. The influence of HA is shown in Fig. 3.4, which indicates that
the removal rates of both PhACs increased when HA was added. A few researches on the
effect of NOM on ultrasonication have been conducted and the results show that NOM has
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a negative effect on sonodegradation. Zhang et al. showed decreased rate constants of BPA
removal by increasing the concentration of HA from 0 to 10 mg L-1. They noted that HA
could act as a OH radical scavenger, competing with the target compounds for OH radicals
(Zhang et al., 2011). This observation is consistent with the results of other researches that
address the scavenging effect of HA (Laughrey et al., 2001; Rayaroth et al., 2015).
However, in our study, the removal rates of both AMT and IBP slightly increased by adding
HA up to a concentration of 9 mg L-1 in the solution. This result is in agreement with the
results of the research conducted by a previous study, which showed higher degradation
rates after adding HA as a representative of NOM (Park et al., 2011). They demonstrated
that HA could trap H radicals with background ions, thereby preventing OH radicals from
recombination with the H radicals, although they noted that more detailed studies are
needed to confirm this phenomenon.
The addition of HA in a solution has been found to influence the adsorption
performance, and it could also influence the adsorption performance during ultrasonication.
Some studies have shown the effect of HA on adsorption of dye and pharmaceutical
compounds (Jun et al., 2020a; Jun et al., 2019a; Kim et al., 2021). Since HA contains
carboxyl acids, it could act like multivalent anions. Jun et al. showed that the addition of
HA increased the rate of removal of methylene blue (MB) by MXene. They noted that,
since HA could act like multivalent anions, the negatively charged MXene could adsorb
the positively charged MB even more due to the bridging effect. Other studies found that
the increased removal rate of AMT might be caused by hydrophobic interaction between
aromatic rings of HA and the compound (Kim et al., 2021; Nghiem et al., 2008). The
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increased removal rates obtained in this study by adding HA could also be attributed to the
enhanced adsorption of AMT and IBP on MXene.
As well as NOM, ionic strength is considered as a practical factor for evaluating
the applicability of the study in the field of water treatment. In this study, NaCl was selected
to adjust the conductivity of the solution from 300 to 1200 µS cm-1, based on some
references (Jun et al., 2020a; Jun et al., 2019a). The influence of ionic strength is shown in
Fig. 3.5, which presents the result of the sonodegradation with MXene with adjusted
conductivity levels of the solution. According to Fig. 3.5, there was no significant effect
observed by addition of NaCl to increase conductivity. This result is in good agreement
with the result of a research conducted by Minero et al. on the influence of inorganic anions
on sonodegradation of acid blue 40 (Minero et al., 2008). They conducted the experiments
using ultrasonication with several inorganic compounds, including NaHCO3, Na2CO3, and
NaCl, and concluded that the addition of NaCl has practically no influence on
sonodegradation. They confirmed that there is only a marginal effect of ionic strength when
NaCl is used. However, the same research showed different results with ionic strength
controlled by carbonate and bicarbonate. They observed that the addition of some
confirmed anions, such as carbonate and bicarbonate, could enhance sonochemical
degradation by forming additional reactive species from the added anions. This
phenomenon was also observed in the experiments with bromide and iodide. Overall, it can
be concluded that increasing conductivity with NaCl may not be influential, but more
research is needed to confirm the effect of ionic strength with other inorganic anions. In
addition, in case of AMT in particular (see Fig. 3.5a), it was observed that the degradation
efficiency was lowered by increasing conductivity up to the first 20 minutes of the
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experiments. This phenomenon could be explained by the ionic strength effect on the
adsorption process. Increasing the ionic strength could cause less interaction between an
adsorbate and an adsorbent (AMT and MXene in this case) due to the screening effect
caused by the addition of NaCl, thus leading to less electrostatic interaction. This
explanation is in good agreement with the observations of other researches (Chu et al.,
2017; Jun et al., 2020a; Kim et al., 2021).
3.3.4 Influence of the promoter (H2O2) and scavenger (t-BuOH)
The production of OH radicals was found to be vital factor for US degradation,
which is in good agreement with other researches (Chu et al., 2017; Im et al., 2015; Jun et
al., 2020d). H2O2 and t-BuOH are widely known as an OH radical promoter and scavenger,
respectively, and they were essential to investigate how influential was the role of OH
radicals in the experiments. To confirm the effect of the quantity of OH radicals, H2O2 and
t-BuOH, ranging from 0 to 5 mM, were used for sonodegradation of the PhACs.
In Fig. 3.6a, b, and e, the effects of the OH radical promoter on the sonodegradation
are shown. At a concentration of up to 1 mM of H2O2, the rate constants (k1) of both PhACs
increased, and until a concentration of 5 mM was reached, these rate constants tended to
remain constant or decrease. Although H2O2 is a well-known OH radical promoter, the
possible reason for this result could be becauseit can also have scavenging effects at high
concentrations, as shown in Eqs. (2) and (3) (Adewuyi, 2001). OH radicals could react with
hydrogen peroxide to be converted to hydroperoxyl radicals and, eventually, water
molecules. Since a hydroperoxyl radical is considered a less reactive radical than an OH
radical, this may be the cause of the decrease in the rate constants.
𝑂𝐻 + 𝐻2 𝑂2 → 𝐻𝑂2  + 𝐻2 𝑂

(2)
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𝐻𝑂2  + 𝑂𝐻 → 𝐻2 𝑂 + 𝑂2

(3)

In Fig. 3.6c, d, and f, the effects of t-BuOH, at concentrations ranging from 0 to 5
mM, on the sonodegradation of the PhACs are shown. With increasing concentration up to
5 mM of t-BuOH, the rate constants of the degradation of both compounds decreased
accordingly during ultrasonication. This result could be attributed to the reaction of tBuOH with H2O2, competing with the PhACs. Eq. (4) shows the conversion of t-BuOH to
carbon dioxide and water molecules.
𝐶4 𝐻10 𝑂 + 12𝐻2 𝑂2 → 4𝐶𝑂2 + 17𝐻2 𝑂

(4)

The presence of the OH radical promoter and scavenger could affect the produced
OH radicals and eventually affect the degradation of the PhACs. It can also be concluded
that the quantity of OH radicals during sonodegradation of PhACs is an important factor.
These results are in good agreement with those of some previous studies (Al-Hamadani et
al., 2017b; Chu et al., 2017; Im et al., 2015; Jun et al., 2020d; Jun et al., 2019b).
3.3.5 Evaluation of synergetic indices
To investigate the synergetic effect of using MXene during ultrasonication, the
experiments were conducted in a US only process, MXene only process, and US/MXene
combined process to obtain the rate constants for each process. Synergetic indices,
summarized in Table 3.2, were calculated with the rate constants of the three experimental
processes, and the degradation performances are shown in Fig. 3.7. The US/MXene process
was observed to be the most effective of the three processes. It is described that the
synergetic indices of the US/MXene process for both compounds were above 1 (1.45 and
1.13 for AMT and IBP, respectively). This result shows that there was a synergetic effect
of the US/MXene combined system for the both compounds, and the effect was more
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pronounced on the result of AMT in particular. This synergetic effect could be attributed
to the enhanced adsorption by MXene, since MXene, as a nanomaterial, can become well
dispersed and acquire a more negative surface by being sonicated (Jun et al., 2020d).
During ultrasonication, the hydrodynamic diameter of MXene decreases by preventing
aggregation, which could lead to enhancement of its adsorption capacity. Also, the zeta
potential of sonicated MXene is more negative than that of pristine MXene, which could
support electrostatic interaction with positively charged compounds (Jun et al., 2020c; Kim
et al., 2021). Overall, it can be concluded that a US/MXene process has a synergetic effect
that is attributable to enhanced adsorption by sonicated MXene.
3.3.6 Mineralization of PhACs
TOC measurement was conducted to evaluate the degree of mineralization of the
PhACs in a US only process and a US/MXene combined process. The result of TOC
measurement is shown in Fig. 3.8, from which it can be seen that the result of
mineralization of the US only process turned out to be low (6 % and 10 % for IBP and
AMT, respectively). This result is not consistent with the degradation performances
discussed above, which could be due to the by-product of the sonochemical oxidation of
the PhACs. The difference between the removal rates of AMT and IBP could be attributed
to their log Kow, shown in Table 3.1. Since AMT is more hydrophobic than IBP, based on
their log Kow at pH 7, there might be a higher chance of AMT degradation in a gas–liquid
interface than IBP (Naddeo et al., 2010; Naddeo et al., 2009). However, in the US/MXene
combined process, the removal rates of IBP and AMT increased up to 15 % and 23 %,
respectively, which are more than double the values in the US only process. This result
could be attributed to the removal of the PhACs from the solution due to adsorption by
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MXene. Therefore, it can be concluded that the mineralization of the PhACs is not
significant and MXene plays a vital role in the removal of the target compounds from
solutions.
3.4 Conclusions
This study investigated the removal of two selected PhACs (AMT and IBP) by
ultrasonication with MXene. It was observed that the degradation performances were
affected by the quantity of H2O2 produced by ultrasonication under the experimental
parameters of pH and temperature. The removal rates were higher at the conditions that
caused more H2O2 production, and the importance of OH radicals was also confirmed with
experiments conducted in the presence of OH radical promoters and scavengers.
Additionally, the effect of NOM and ionic strength was also evaluated, and confirmed to
be relatively insignificant. For the effect of NOM in particular, the removal rates slightly
increased by addition of more HA; this result can be attributed to less recombination of OH
radicals, but more research is needed to confirm this effect. To confirm the synergetic effect
of using MXene during US, the synergetic indices were calculated, and the result showed
that using MXene with US could yield better removal rates for both PhACs than using
MXene and US separately. This could be due to enhanced adsorption performance of
MXene during sonication, which leads to a smaller hydrodynamic diameter and lower zeta
potential. Lastly, mineralization of the PhACs in a US only and US/MXene process was
evaluated, and the result demonstrated that the mineralization of AMT was more favored
than that of IBP due to their different hydrophobicity, and the US/MXene process achieved
better removal rates than the US only process due to the adsorption capacity of MXene.
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Table 3.1 Characteristics of selected PhACs used in this study.
Compound

Amitriptyline (C20H23N)
[AMT]

Ibuprofen (C13H18O2)
[IBP]

Usage

Anti-depressant

Pain reliever

Molecular weighta
(g mol-1)

277.4

206.3

pKaa

9.76

4.85

Log Kowa

4.81

3.84

Water solubilitya
(mg L-1 at 25ºC)

9.71

21

Chemical structureb

a
b

PubChem; https://pubchem.ncbi.nlm.nih.gov/
Chemicalize; https://chemicalize.com/
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Table 3.2 Degradation rate (k1), coefficient of determination (R2) and synergetic index of
PhACs in US only, MXene only, and US/MXene process within 120 min at 293 ± 1 K and
pH 7.
AMT

IBP

Processes

k1 (min-1)

R2

k1 (min-1)

R2

US only

0.0177

0.984

0.0138

0.998

MXene only

0.0007

0.418

0.00001

0.565

US/MXene

0.0267

0.986

0.0156

0.996

Synergetic index

1.451

1.130
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CHAPTER 4
CONCLUSIONS
In the review paper in chapter 2, the various studies were covered, and there are two
mechanisms of adsorption for the removal of both inorganic and organic compounds which
are mentioned the most: electrostatic interaction and ion exchange. Large surface areas and
an abundance of surface functional groups can lead to higher adsorption, and the adsorptive
performance of MXene-based materials can be highly influenced by water quality. The
main determinants of water quality that influence the adsorption performance of MXene
are pH value, temperature, and background ions/NOM. Under acidic conditions, adsorption
capacity, in general, decreases due to competition for MXene ions between abundant
hydrogen ions and target compounds. On the other hand, as pH value increases, adsorption
capacity also increases since surface charges become more negative, confirmed by the zeta
potential value. At very high pH, however, decrease in adsorption capacity is observed,
since abundant OH- reacts with the target compound to form a hydroxide. Higher
temperatures generally enhance adsorption, and MXenes show higher adsorption capacity
in such conditions. Confirmed by the thermodynamic parameters, the adsorption process
tends to be endothermic and spontaneous, thus raising the feasibility of the adsorption
reaction in regard to the increased temperature. The effect of background ions and NOM
was also covered in the studies, and the presence of background ions and NOM affect the
selectivity of MXene-based adsorbents for target compounds. Most of the studies found
that the adsorbents exhibited selectivity for their target contaminants and, even when they
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tended to adsorb the background ions, they showed greater affinity for divalent and
multivalent ions than for monovalent ions, and this is similar to the behavior in the presence
of humic acid.
In the experimental study in chapter 3, the removal of two selected PhACs (AMT
and IBP) by ultrasonication with MXene was investigated. It was observed that the
degradation performances were affected by the quantity of H2O2 produced by
ultrasonication under the experimental parameters of pH and temperature. The removal
rates were higher at the conditions that caused more H2O2 production, and the importance
of OH radicals was also confirmed with experiments conducted in the presence of OH
radical promoters and scavengers. Additionally, the effect of NOM and ionic strength
was also evaluated, and confirmed to be relatively insignificant. For the effect of NOM in
particular, the removal rates slightly increased by addition of more HA; this result can be
attributed to less recombination of OH radicals, but more research is needed to confirm
this effect. To confirm the synergetic effect of using MXene during US, the synergetic
indices were calculated, and the result showed that using MXene with US could yield
better removal rates for both PhACs than using MXene and US separately. This could be
due to enhanced adsorption performance of MXene during sonication, which leads to a
smaller hydrodynamic diameter and lower zeta potential. Lastly, mineralization of the
PhACs in a US only and US/MXene process was evaluated, and the result demonstrated
that the mineralization of AMT was more favored than that of IBP due to their different
hydrophobicity, and the US/MXene process achieved better removal rates than the US
only process due to the adsorption capacity of MXene.
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